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PREFACE 


T his book is a reprint, of " Howard” Lectures on the 
Mechanical Production of Cold, delivered before the Society 
of Arts in 1897, with additions and corrections which show the 
advances of the past eleven years and bring the accounts of 
’’inaclynes and processes into accord with the practice of the 
present day. In its main features the art of refrigeration has 
undergone little change in that time. But notable progress 
has been made in some directions, and’this has required the 
introduction of a good deal of supplementary matter. 

‘ In the new portions the separation of oxygen from nitrogen 
in air, by condensation under extreme cold, is dealt with in some 
detail. This process, which is due for the most part to the genius 
■of Linde, has become' important in the commercial supply of 
Oxygen and also as a step in the manufacture of nitrogenous 
„ manure. In the theoretical treatment of refrigerating machines 
the investigations of Dr Mollier have been specially fruitful. 
The Appendix will be found to contain an account of useful 
graphic processes with which he has enriched this branch of 
technical thermodynamics. 

In expanding the book the origitfel ferm of lectures hat, been 
retained, as being appropriate to the intended method of treatment. 
A “general account of refingeAtion is given, but it is ohifefly 
on the thermodynamic aspect of the subject that stiets is laid. 

From this point of view a refrigerating machine, is essentially' 
a contrivance for pumping up heat from a place that k 
comparatively cold to a place that is comparatively warm, and the 
question of primary interest is how to do this pumping with the 
least expenditure of power. Vfe are concerned with the theoretical 
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limits to the economy f>f ffower fcat hold in ideal I'efrigerating 
prqpesses, and'with considerations as to hiw nearly the actual 
dbnditions under which Jefrigeration is carried out will allow these 
limits to be approached when one or another type of real machine 
is employed. The lecture _ are ih great part an attem|it to 
make this side of the subject intelljgible without unnecessary 
mathematics. 

In preparing them I obtained much information from ®r Linde, 
Professor Schroter, Mr Win^hausen, Mr Oscnbriick, Mr Lightfoot, 
Mr Hesketh, Mr Sterne, Sir Alfred Haslam, Professor Sir James 
Dewar, and the late Sir Frederick feamwcll. To many of 
those gentlemen I ajn additionally indebted now, especially 
Dr Linde, Mr •Lightfoot, Mr Hesketh and Sir James Dewar. 
Dr Mollier, Mr Murray of the British O^gen Comp’anyj Sir 
WillTdm Raijisay, and Sir Philip Watts have also most kindly 
helped in various ways to make the work more complete. 

I have also to thank the authorities of the Society of Arts for 
permission to us» material which appesired in the Journal of the 
Society. 

J. A. EWING. 


August, 1908. 


The changes in the Second Edition are mainly the coixectien 
of certain errata and the clearing up of points in which the original 
text was soniewhat obscure. 


J. A. E. 


Waroh, 1919. 
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LECTUEE I. 

Preliminary. 

From Mio terms of the Ho^-d Bequest,"it appeal's that these 
lectures are primarily intended for the discussion of some application 
,of therraodynamic% ,Pr(?vious holders of the Howard Lectureship 
have^lealt with the generation and transmission of power. J.ha7e 
been led to select the subject of mechanical refrigeration on the 
double ground that it is one of the most interesting and com¬ 
paratively novel applications of power, and thal it is further 
intimately connected with the conversion of iTeat into work, 
inasmuch as it is a reversal of the operation by which _fieat is 
converted into work—it i^ a conversion of work into heat, effected 
in such a way as to produce’cold. 

Its industrial importance is a matter on which I need not 
tifke up your time by dilating. Onfs of its earliest and largest 
applications is to‘brewing. It is only by means of mechanical 
refrigeration that the great modem breweries have become 
possible. Moreover, it has revolutionised the indiustry which* 
relates to the distribution and sale of ice. It has given us a 
product which is not only better than that which nature herself 
has provided, but can be sold at a price wit^ which natural ice 
cannot in general Sompete. I^ has further created an enormous 
new industry in the transport and storage of the perishable 
necessaries of life in a cold state. Parhapi? some of us are scarcely 
awarh how much we are indebted to, it in this respect.* Jt is open 
to conjecture that we sometimes owe something to mechanical 
refrigeration for the. supply of that “prime old English be^ 
and mutton ” for >iihich we, ifl«Rny cafte, pay home prices. It has 
given us many luxuries, such ns paraffin wax, photographic filVns, 
and ice rinks. It has gjven us other things which^ine would hesitate 
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ito dgsoribe as luxiviosfsuch as oleo-nfargarine. * Thd commercial 
importance of fnechanioal refrigeration is inflicated by the fact that 
there ^re two journals exclusively devoted to the subject, the 
American loe amd Refrigeration, the German ZeiUohrift fil/r die 
gesammte Kalte-Induetrie, The fii^t of these is for the mo^, part 
severely practical, but is garnished with the shrewd remarks and 
occasional personalities which are charhcteristic of the Ti-ansatlautio 
Presa The other is, in its way, juSt as distinctly national, and fills 
one with a sense of the le^d which Germany has over us in the 
matter of technical education. A great part of it is occupied by 
articles of the most substantial kind dealing with points in the 
thermodynamic theory of refrigeration—articles on which most 
English engineers would look askance. Not a few of its pages 
bristle with differential equations. ^ 

The subject is pre-eminently scientific asnvftll as practical In' 
ife whole development it has been guided to a remarkable degree 
by theory, and this has weighed with me in choosing it for treat¬ 
ment in these lectures. We may contrast it in this respect with 
the development of the steam-engine. That development, in its 
early stages, owed little or nothing to theory; it took place mainly 
by an empirical process. Heat-engines were broughf to a con¬ 
siderable degree of perfection before even the doctrine was accepted 
of the mechanical equivalence of heat and work. The case is 
different with mechanical refrigeration. At every step of the 
process we find thS influence of scientific idea^. No part of it 
has taken place except under the (^irec* guidance of physical 
sci^qce. If we turn to the writings of inventors on the subject— 
•to the papers of Kirk, Coleman, Lightfoot, Linde, and Windhausen-^ 
we find tbg constant influence of scientific modes of thought 
affecting and directing their inventions. I may quotS ih this 
connection language whjeh was uged by Sir Ifrederick Bramwell 
in the discussion of a ^laper by Mr Coleman, read before the 
Institution of Civil Engineers in 1884. Sir Frederick Bramwpll 
then said: “ There pro^bly* nevea had been a paper submitted 
which mode‘more perfectly clear the necessity that the successful 
en^neer of the present day, and still more the successful engineer 
of the future, must be a man competent to‘apply to the pursuit 
of his profession the higheift scieBfiiBc truths.* The subject,” he 
continued, “showed how the very.utmost results of thermo¬ 
dynamics were applied in practice for commgn use.” 



0# Bsma^Ttoii S 

I propose, first, to go inte a few general aonsyleratiq^s regaling 
the thermodynamical* basis on which stand all* the practical 
processes of mechanical refrigeration. These considerations 
appear rather dry, but they are essential to an understanding of 
the sijbject. 

Two General !Rtethods. 

• Broadly speaking, the methofls that are employed for the 
production of cold may bo classified under two heads, the second 
of which is by far the morp important^n practice. There is, first, 
the production of cold directly by the agency of heat, or, in other 
words, the expenditiwc *3f heat for the production of cold, and, 
second, the. production of cold by the expenditure of mechanical 
work. It is by the expenditure hf mechanical worlc that nearly all 
^modern i^frigeration is carried out, namely by compressing a gas or 
a vapdur and afterwards allowing it to expand under conditions 
which allow it to absorb hesit from the thing that is to be booled. 
In general this mechanical work is, in its turn, obtained by the 
agency of heat, a steam-engine or other heat-engii^ being used to 
drive the refrigerating machine. In .such cases wa may bo said to 
apply heat indirectly to produce cold, the heat being used first to 
produce mechanical power. Which is then applied for the production 
of cold. ■ Examples are of'course found where some other source of 
•mechanical power, such as water power, is applied, and where, 
therefore, the agency of heat in the prime mover does not come in 
at all. But in almost every*practical example of refiigeration you 
* find that heat is operative—.that at one end of the chain /ou have 
the expenditure of heat going on, and at the other end youiave 
tfie production of cold. Mr Richmond, an American engineer who 
has written some highly interesting ancj suggestive papers on the 
subject, has remarked that if a student beginning to observe the 
process without any a priori ideas were tcpladl himself outside an 
ice-making factory th*e first thing he woitld notice would be that 
coal goes*in at one door aiufice comes out at the other. 

The Production of Cold: Idea of a Heat-Puibp. 

Now, what does this phrase, the production of cold, really mean ♦ 
It implies, in the first place, iSiff reduotion of the temperature of a 
body below the general level of temperature of the surroundings. 
It further implies the .maintenance of the temper*ture of a body 

1—2 
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,at lower level of temperature than the surrounomgs. Lion- 
sequently, it raeans the continued extractios of heat from a body 
jjfliose ^temperature is already below the temperature of bodies in 
its neighbourhood. For example, if a cold storage room is being 
maintained at a teraperqtufe of ^y 18° Fahr., there must be a 
continual extraction of heat from the atmosphere of the room. 
We must go on continuously pumping out the heat which comes 
into the room through leakage from outside, and also whatefter 
hefit is brought into the room in articles which are carried into it 
after the temperature has once been reduced. To maintain the 
low temperature of a cold storage room you must have a continual 
extraction of heat going on from a thing which is already colder 
than its suirovindings. Precisely the same remark is applicable 
in the case of a brine tank for the production of ice. The brine 
has to be maintained at a temperature sbmcwteit lower th;^ that* 
at which water freezes, considerably lower if the process of freezing . 
is to go on at a reasonably f<ist rate. The heat which comes into 
the brine from the wa.tcr to be frozen, the heat which the water 
gives out when it freezes, and the heat which leaks in from all 
sources has to be continuously extracted from the brine at this 
comparatively low level of temperature. What becolues of the 
heat so extracteil ? It is not destroyed; it continues to exist as 
heat; but it is raised to a higher level of temperature and is, 
discharged there. It is discharged by being given up to some 
substance which a6ts as a veceiver of heat. In all actual cases 
of refrigeration the substance which ybsorbs the rejected heat is- 
cirgi^lating water, which becomes more or less warmed by the heat 
‘which it takes up. The refrigerating machine accordingly works 
between tw(j temjieratures'; the lower temperature is that at which 
heat is takeit in from the body which is to be kept cold' and the 
highei; temperatur* is ,±hat at jvhich heat .is rejected to the 
circulating water sr other substance which‘absorbs it. In order 
that this process may go on we mflst have an expenditure, of 
mechivnical power. Heat is*boing«virtually pumped up froip the 
jow level “of temperature to the higher level, and is being rejected 
at that highei' level of temperature. This process will not go on 
by itself; work has to bo done to effect if. The work, which is 
exjjended is itself converted intd heat, and* hence the whole 
quantity of heat which is rejected is made up of two elements. 
It is the heat* Which has been extrac+“^ 
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temperature’fronS the thiftg that is'beiag QCM)Ied or kept .cold 
plus the heat which* is equivalent to the mebhanical work 
which has been expended in extracting it. The concepfion oj 
a refrigerating machine as a heat-pump, taking in heat at a low 
level pf temperature, and disqjiargin^ Ijoat at a higher level of 
temperature, is of fundamental importance. We may compare 
it to a pump raising water,* but with this difference that in the 
water-pump the quantity that’is discharged at the high level is 
the same as the quantity that is takei^in at the low level, whereas 
in the heat-pump the quantity discharged is augmented by the 
conversion into heat^ of, the work expended in the process of 
pumping. 

Oo-efficlent of Performance. 

Takiin? the process a« a whole, a quantity of work, which we 
may (ftfll W, is employed to extract at the low level of tomperatui^e 
a quantity of heat, which we will call If Qi stands for the 
heat which is given out at the higher level, then those quantities 
are connected by the equation 

Q, = Q.+ W, 

it being uiJderstood that the amount of work W is expressed by 
its equivalent in heat-units. As regai'ds the efficiency of.any 
.process of refrigeration, what we are concerned with is the relation 
between the quantity of heat Qn which is taken in at the low level 
of temperature, and the quajjtity of work W wtich is expended in 
the process. The Birger Q, is compared with W the more efficiently 
is the process of refrigei-ation being carried out. If we take the 
quantity Qa, and divide by W, we get a certain figure of merit 
which is called the co-effjcient of perfbrmance. In other words, 
the oo-effleient of performance of a refrigerating machine is defined 
to be the ratio of the quantity ^of heat which*is extracted at the 
low level of temperatare to the quantity of worl^ which is employed 
in.extraoting it. 

Ideally Perfect BeMgerating Machida. 

A fundamental question in the theory of refrigetation is this * 
What is the highest possible co-efficient of performance that any 
refrigerating machtne can condhivably'have ? We shall afterwards 
have to consider to what extent various practical refrigerafing 
, machines eucoeed in fipproaching this ideal o# perfection. But 
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tour attention must firsif be given to the'ideally peHect refrigerating 
machine, that irf to say, the machine whose co-bfiBcient of performance 
is the highest that is compatible with thermodynamic principles. 
The co-efficient which is calculated for it is one which may be 
approached, but cannot possibly be.excecded by any real m^hihe. 
It forms a standard of comjtarison by which the performance of 
real machines may be judged, eo far ‘as thermodynamic efficiency 
is concerned. The ideal performance of a refrigerating machine 
depends simply upon the particular temperatures between which 
it works. We shall see that under the ideally perfect conditions 
a simple relationship exists between the h^t that is extracted 
from the cold body .and the work that is done, a relationship 
which can be express'd as a function of the two temperatures 
between which the machine works, (jnd that the greater the range 
of temperature is through which the heat has^cf be pumped up, the * 
smaller does the ideal co-efficient of performance become. This, • 
then, is a point of much practical consequence. We cannot expect, 
even in the most perfeot refrigerating machine, to find so large a 
co-efficient of pejrformance in a case where the range of temperature 
through which the heat is to be raised is great, as we may find 
when the range is small; and practically it becomes of the utmost 
importance to keep the range of tempertiture as small as possible, 
if we wish to effect refrigeration with the least admissible ex- • 
penditure of power. In other words, wd must aim at keeping tlje 
thing from which heat is to Be taken sft a temperature that is no 
colder than it is necessary for it to be, and we must aim at ' 
discharging at as low a level of temperature as may be the heat 
which is to be rejected, in other words, we must aim at discharging 
it into something which is as cold as we can permit it to Jbe. We 
must pump the heat up through no bigger an interval of tempera¬ 
ture than is really necessary in order to get theffiighest co-efficient 
of perfonliance, so“thait'‘we may obtain the largest amount of 
coolieg effect from a.gjven quantity'6f work. 


Co-emcient or Fertormance of an ideauy perfeot 
Refirigerating l^achine. 

The co-efficient of performance o^an ideally perfect refi'igerating 
machine is readily found when we recognise that the operation of 
such a machine is precisely the reverse of thd operation <!f a perfect' 
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hent-engina lu a heat-pngine (E,,Fig^‘1) you have the heat 
coming in from some source of heat at a high ^emperatufe T* 
and going out to some cold body at a lower temperature,Z's.<ind 
in its fall from the high temperature to the low it does a certaJh 
amount of mechanical work W. Thp heat which goes out, is 
less ^Ijan the heat Q„ which cSmes in, Uj? the amount Tf which the 
engine converts into work. Jn the refrigerating machine (R, Fig. 2), 
the heat comes in at a low teipperature, and goes out at a higher 



temperature, and in order to maka it rise from the lower fo the 
higlier level of temperature it needs to have woi1t«Bpent upon it. 
In the case of the heat-engine, it is a familiar prippiple of therma- 
dynamios that ^en the greatest possible amount of heat is being 
converged into wprk the rathtof Q„»the heat which goes in, to Q^, 
the heat which goes out, will be the same as the ratio oi the 
absolute ^temper^tujje J’l, at which the heat fomes in, to the 
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absolute temperature* fj, at .which the boat goes out. .For brevity 
you Vill undeiptanS the word temperature*in this connection tc 
mean the absolute temperature, that is to say, the temperature 
Expressed on the Fahrenheit scale plus the number 460, or, if you 
prefer to use the Centigrade^, scale, the temperature on that scale 
plus 273. In a perfect Irea'lyengine, which means aji engine with 
the most ideally efficient means of converting heat into work, we 
have , 

Q._Q. 

and hence W, the work done, which is equal to Q, — Qa is such 
that ' ‘ 

•y,". y. 'qT ~t, • 

'This is the largest amount of work that canepossibly bb got by 
allovring heat to pass through a heat-engine from temperature T, 
to temi)erature T^. Now turn to the refrigerating machine. The 
same quantity of work, which was the largest quantity that could 
be .got out of the heat'while the heat was flowing down, is the 
smallest quantity which will suffice to pump it up. The ideally 
perfect heat-engine is (in the thermodynamic sense)-a strictly 
^reversible machine, and the work W, whiqli was the work the heal 
produced when it was used as a heat-engine, is the amount ol 
work which will just suffice .to bring the beat through it backwards 
when we turn it into a refrigerating machine. This may be made 
plain by Jhe use of a simple argument. Supjrose we have (as in 
Fig. 3) a heat-engine E, and also a Kcat-pump or refrigerating 
ipaclih'ie E, both working between a cold body and a hot body. 
Assume that the heat-engine E is as efficient as is ideally jrossible. 
It takes in a'/juantity of heat Q„ converts a portion of it into 
work W, and rejects^ the remainder Qi, as heat. Now imagine 
that that work IF is applied to drive the refrigerating machine 
withoKt any loss of power in the conncqtion between the 1;jvo. Ij 
it wefe conceivable that<the nefrigerating machine R were more 
efficient than u 'reversed heat-engine, the work spent upon it, W, 
wbuld extract from the cold body a larger quantity of heat than 
4!a< and would reject to the hot body a larger quantity than Q,. 
Hence, on the whole, the cold body "wbuld lose beat, and the hot 
body«would gain heat without expenditure of work fixun outside. 
The two machines, .taken together, would fofin an entijely self- 
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acting agency, for the one produces 3 ust»en<i 4 gh power to jJrivei 
the other; and yet tHb result would be a continuous pumping up 
of heat from the place where the temperature is jTj to th*e pTaqp 
where the temperature has the higher value T,. That result 
is contrary to all experience^ and itoi^d be a violation of the 
second law of thermodynamics. We cannot have heat flow 
automatically up hill, that i» to say from a colder to a hotter body. 
If can only be forced to flow Up hill by the expenditure of energy. 
Here, tlien, we have a reductio ad ahsurdum which comes from 
imagining it to be possiBle that the refrigerating machine could 
be more efficient than a revefsed heat-engine of the “ perfect ” or 
ideally efficient class, and hence that idea mjist be abandoned. 



The conclusion is that a reversible heat-dhgine when reversed 
is the most efficient possible form of heat-puufp. In otlier Ajords, 
tlJat the largest quantity *of work^whicji can be got outsDf a 
perfect heat-engine is the srilallest quantity of wo^Jt which will 
suffice to force heat through tlie eflgine in the op^osit^ directioij 
from the cold body up to the hot body, the amount of heat that jf! 
transferred being in both oas#s,the ssyne. 
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RQven&billty eaBential to FeTfeotlon. 

, *Reiyersibility, in the thermodynamic sense, is essential to 
perfection in the refrigerating machine, just as it is in thp heat- 
engine. The full amouijf tof rcMgerating effect, for a ^iven 
expenditure of work, is obtained only when this criterion is satisfied. 
Further, to obtain the fullest effect the substance which serves 
as medium by which the heat is conveyed through the systeRi 
should take in no heat except when it is already at tUe lowest 
level of temperature, and give out none* except when it is already 
at the highest level of temperature. The actions which go on 
within the machine ^will be reversible only when there is no 
unresisted expansion on the part, of gas or vapour of any other 
working substance. Any passage of gas or of liquid through a 
throttle valve is an essentially irrevereibld action, and is, lAiepefore, • 
inhonsistent with the highest efficiency. Any flow of heat by 
conduction or radiation between bodies at different temperatures 
is also an irreversible.action. In the ideal reversible cooling 
m^hine, just as in the ideal reversible heat-engine, we should 
have neither unresisted expansion nor flow of heat by contact at 
any poiut between a warm and a coljler body. In practice we 
cannot hope to do more than approximate to the ideal of re¬ 
versibility, but it is easy to imagine a'series of operations in 
which everything is strictly reversible,, and in which also the 
condition is satisfied that alkthe heat, which is taken in shall b*o 
taken in«at the lowest level of temperature, and that all the heat • 
which is given out shall be given out at the highest level of 
temperature. Students of thermodynamics are familiar with the 
cycle of operations whioll was first d.escribed by the French 
philosopher, Sadi Carnot. Tliis i® ^ strictly reversible tycle for 
the conversion of haat into work, and we have only to imagine it 
reversed in order .to have, in imaginations an ideally perfect 
refiigerating machine. You will of sourse understand that tjjie 
words " perfection ” and “ psft-fect ”. are used here merely with 
reference to thermodynamic efiicieBcy, and it is scarcely necessary 
to point out Chat there are many other things besides thermo¬ 
dynamic eflSciency to be taken into account when we come to 
estimate the merit of an adfcual raffigerating machine from the 
practical point of view. It is not too much to say that a 
theoreticallv “ nferfcct ” machine would hava nractical disabilities 
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that would* in etiect ma&e it uselebs. *Li>wc saccessful rea^ 
machine some part of the possible thprmodynaihic efficiencj is 
sacrificed to secure other valuable qualities, such as s^ed ef 
working and compactness. But though a better all-round machine 
is obtained in this way, it is neverthelSss^useful to bear in mind the 
ideal limit which the efficiency miglft attain if the machine were 
thermodynamically perfect, and te recognise in what respects the 
real raacjijne’s operation depaAs from this ideal. A comparison of 
the two may be suggestive of improvement, for it may be possible 
to approach in some respects nearer the ideal condition without 
giving up points of praetical convenience. 

Carnot’s ^Cyole Reversed, 

Consider then the ideal engine of Carnot, reversed to foim an 
ideal cooling machine. 

Imagine a cylinder and piston (Fig. 4), made of non-conducting 
material, except that the bottom of the cylinder’ is a conductor. 
Suppose further that we may fit to the botton# of the cylinder 
eitW the. cold body C, from which heat is to be extracted, or a 
warmer body. A, to which heat may be rejected, or a non-conduct- ’ 
ing cover, B. At the beginning of the process we have in the 



bottom of the cylinder a quantit 3 fof a substance whifih we wiU 
for simplicity assume to be a liquid, and this liquid is at the sai^e 
temperature iT, as the wart* Jrody The first operation is to 
apply the non-conducting cover B, and allow the piston to ,rise. 
As it rises the liquid begins to evaporate, and frs pressure and 
temperatrfre both fafl. Let this go on until ^e temperature of 
the substance, which now, a mixture of liqpid and ’vapoqr, has 
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'Talleik to the- lower •levW of temperatflre, T,. On tHe indicator 
diagram which ‘is sketched above the cylinder in Fig. 4 this part 
of the process corresponds to the line 4 1. This action has gone on 
without any introduction of heat from outside—in other words, it 
is what is called in theritioc^amias an adiabatic action. Jfext, 
let the non-conducting cover be removed and the cold body be put 
in contact with the bottom of the cylmder, the contents of whiiA 
are already at the temperature of the cold body, an(J 
piston continue to rise. Thij substance goes on evaporating under 
the constant pressure corresponding to the temperature T^, taking 
in heat from C. This part of the process goes on at constant 
temperature and for tl^at reason is called isothermal. It is shown by 
the line 1 2, which indicates the change from a state in which there 
is very little vapour and much liquid J;o a state where much of the 
substance has been vaporised. We might continue this' precess 
until'all the liquid has turned into vapour, but it is more convenient 
to suppose it stopped while there is still some liquid present in the 
mixture. When the stage 2 has been reached let us replace the 
non-conducting ^tover after removing the cold bwly and begin to 
force the piston down. This compresses the substance adiaba- 
tically, and consequently causes its temperature to rise.' Through 
this process certain changes take place,iit the proportion of liquid 
and vapour. If we have a perfectly dry vapour at point 2, then it' 
will be superheated by tBc' compression, but if we have left g, 
sufficient mixUire of liquid with the vapour it will remain saturated 
during eftmpression. In that case thq mixture* becomes drier as 
we jjcyjiprcss it—that is to say, the proportion of liquid to vapour 
becomes reduced. This process is continued until, at the point 3? 
the .temperature has risen* to Tj. The. simplest supposition to 
make is that ^e have stopped the process 1 2 at such a point that 
when we compress the tuixture it takes the, condition of dry 
saturated wapour 'when.this process is completed at the point 3. 
Them'apply the warm body A in place df the non-conductifig covar 
and continue, the compression. During this final process .the 
^pour is further condensed, giving'out heat to A, and remaining 
at the temperature T,. The whole cycle of operations is com¬ 
pleted at point 4, when the working ^ubstance has been brought 
back to the condition in which we Supposed itfto be at the first. 
Observe that in all this process there is only one time when heat 
is taken in, viE.,*tHb stage 1 2, and only oni time whA heat is 
being give* out, viz., .the stage 3 4. WWle the heat is being 
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taken in the working substjance has ajrea^j' b®®^ brought to, an4, 
is continuously keptoat, the temperature of the cold body T,. 
similarly, all the while that heat is’bcing given out the worlan| 
substance is continuously at the temperature of the warm body, 
r,. The conditions of reversibility^ are satisfied. There is no 
contact between things at diftbrent teiflporatures. In the whole 
of the action there is nothing of the nature of uniusisted ex¬ 
pansion. There is no passing,through a throttle valve, nothing to 
interfere'with reversibility either as regai-ds the mechanics of the 
process, or as regards the transfer of heat. If we could make a 
refrigerating machine act in this way it would be an ideally 
perfect machine, from fhe thermodynamic point of view, and its 
co-efficient of performance would have the ideally highest value. 



In Fig. 5 we have an example of this same Carnot cyclvbut 
with air as the working substance instead of liquid and vapour. 
The form of the indicator diagram is very diffcrent.’but the four 
processes which make up the cycle are the sq^me as before, namely 
two isothermal afid, two adiabatic, and the co-efficient nf per¬ 
formance, depending, as ijj docs, only on- the temperatures, has 
tSe same value. 

Value of the Ideal Oo-efiScient of Perfofmance. 

We have seen bycomparison with the performance of a perfect 
heat-engine, that hi this ideallimiting case = ^, where Qi is the 
heat rejected into the warm body A, at the absolute temperature 
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Ti, and is the heat taken from the (jotd body C at fhe absolute 
temperature T,. Hence But Qi-Q, is W, 


fhe amount of work spent on driving the machine. Consequently 
the co-efficient of performan<je, which is the ratio of the heat taken 

^ * *T 

in to the work done, or ^, k in this ideal case equal to ■ 

Tt follows that in a perfect reVrigprating machine the perforw- 
ance would be entirely dependent on the two temperasures, and 
would be the same whatever working substance was used in the 


. ■ T . 

cylinder. This ideal co-efficient, ™, i^a number much greater 

li—12 » 

than unity in most cases. So long as the range of tompcratui’e, 
— Tj, is not very gaeat, the number which we get by dividing 
Ti by Ti — Ti will be large. In the tabl^ a series of nuqjbers are 

' T '• 

given which show the values of this expression ™‘for various 

li — li 

assumed temperatures, which are stated however not as absolute 
temperatures but on thb usual Fahrenheit scale. These are the 
ideally highest cs-efficients of performance which can be reached in 
any process of refrigeration, T^ being the temperature of the place 
from which heat is being taken, and Tj'the temperature at which 
heat is being rejected. 


Go efficients of Performance 0 / a I’er/ect tiefngeratmg Macnxnt. 

• A 


* 

Lower Limit of 
¥emperature 
in Deg. Fah. 

Upper Limit of Tei&peratuie iu Beg. Fah. 

60 ° 

<> 0 ° 

70 ° 

80 ° 

• 

90 ° 


• 

— 10 " 

7-6 

6*4 

6-6 

5-0 

4-5 

4-1 

. 0 " 

•■2 

, 7-7 

6-6 

5-8 

5-1 

4-6 

10 ' 

11-7 

. 9'4 

7-8 


6-9 

6-2 


I 6 t) • 

12-0 

9'6 

8-0 

6-8 

eo 


24-5 

16-3 

12-2 • 

9-8 

8-2 


40 “ 

• • 

60-0 • 

25-9 

16-7 

12-6 

100 

8-3 


. For example, suppose you were refrigerating from a tempera¬ 
ture of 20° Fahr., and rejqfting beat at 60° Fahr., the ideal 
refrigerating machine would have a co-efficient of performance 
of 12, that is Jo say, you could get 12 times as much heat' 
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extracted from the cold body as you appli(id to the machine in the, 
form of work, whereas, if you were pumping up the heat to the 
higher level of 100° Fahr., and extracting it from the lowjr level 
of-10° Fahr., then the amount of heat extracted could not 
exceed 41 times the amount of wprk done. Taking thl per¬ 
pendicular columns, it is seen how,th6 best refrigerating effect 
obtainable from a given amount of work depends on the tem¬ 
perature of the thing from which the heat is being absorbed. 
Taking the numbers horizontally, it is seen how the same.quantity 
depends on the temperature of the condensing water, that is to 
say, on the temperature to which yon are obliged to raise the 
heat in order to gcu rid of it. 

These numbers will serve not only fb show the limiting 
efficiency, which any real refrigerating machine necessarily falls 
much short of, but also to ’illustrate the great advantage- that 
accrftes in the process of refrigeration from keeping the range.of 
temperature as narrow as possible, by taking in the heat at as 
high a level of temperature as is permissible and not raising it to 
any higher level than is really necessary before it is rejected. . 

Another way of stating the ideal limit of best performance in 
the process of refrigeration is to give the number of thermal 
units capable of being extracted for each horsc-powef-hour of 
jvork spent. To find this we have only to multiply the co-efficient 
of performance by 2545. For one hqrse-power hour represents 
33000 X 60 foot-lbs. of work, and taking Joule’s equivalent to be 

778, the corresponding quantity of heat is ^^ -mr 2545 

British thermal units. 

Entropy Diagram. 

Instead of using the indicator diagram to exhibit any such 
cycle we shall sometimes find it of very.great service to use what 
is called the entropy diagram. In the entropy diagranl', as in the 
iHdicatoh diagram, quantities of heat and,work are represented by 
areas, but one of the oo-ordiflates of the entropy^djagram is the 
absolute temperature, and consequently the other co-ordinate, tiu; 
entropy, is a quantity of the dimensions of heat divided by tempergi- 
ture. We may define sufficiently for our present purposes this word 
" entropy ” in the*following vs%y. if a substance takes in or gives 
out heat at any temperature, while changing its state in a reversible 
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j manner, the quantity of heat taken in pr given out, divided by the 
absolute temperature at which it is taken in* or given out, measures 
the amount by which th6 substance changes its entropy. It may 
te added that wo are only concerned with changes of entropy, 
reckoned from some convenient state of the substance under con¬ 
sideration and that-we havei.no need to attempt any reckoning of 
the absolute entropy of the subgtancoi It is a convenient practice 
to reckon the entropy as zero when the substance is in the st^c 
of a liquid, and at the temptiraturo 32° Fahr. or 0° Cent. The 
reckoning is also made per unit of ma.ss'of the substance. 



'Entropy 
' FiR. 6. ' 

Let us consider the changes of entropy that occur when a 
JiqiKA is first heated from some lower temperature up to the 
boiling point and then passes from the liquid into the gaseous 
state. In tha/ case the substance gains entropy in two stJigcs. In 
the first stage the»,temperature is rising while heat is being 
taken in;,consequently the process is reprcsaited on the entropy- 
tonipm-ature diagram by a line that slopes upwards, such as ab jp 
the figure. In the secoVid stage the temperature is constant,,and 
accordingly the line is a horizontal one (be), drawn at a level 
dorresponding to the absolute temperature T at which the change 
of state occurs, and its length, which measures the gain in entropy, is 

Jj * t 

■j ,, where L is the “ latent heat.” For L is the heat taken in during 
this stage, and 2.’ iy the absolute temperaturf at which it is taken 
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in, and consequently b/ ou* definition the entropy haj changqfi by« 

L * • . 

the amount Notice further that the area under the ]mc, 6 c, 

namely the rectangle nbcp, measures the heat taken in, for that 

area m the length be into the hoi^hil or ^ x T, which is L. 

Similarly it may easily be stown that the area under the sloping 
li«e ab measures the heat takep in during the earlier stage, when 
the liquid, was getting warmed up to the boiling point. (See 
Appendix A.) 

Again, if a substance expands adiabatically, so that no heat is 
taken in or given out? tlfcre will by the definition be no change of 
entropy, though the temperature falls. Comfcquently this process 
would be represented in the diagram by a yertical straight line, 
^coming ^ownwanls, Siwiilariy a vertical straight line going 
upwaffls represents a iwocess of adiabatic compression. 



O 9 back now to the Camot.cycle and Consider how it wilf be 
represented on the entropy diagrsyn. The four sthgqs of the 
Carnot cycle consist of two adiabatic stages, and two isothermal* 
stages. Each isothermal "process, being performed at constant* 
temperature, will give a horifqfltal stsaight line. Ekeh adiabatic 
process will, as we have just seen, give a vertical straight line. 
^The diagram for the ^arnot cycle will theref(^e«consist of two 


G. a. 
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vertical lines and .two horizontal lines (Fig. 7), and* this will he 
the form of diagram whatever be the silbstance that is taken 
^through the Carnot cycle. The lettering in this diagram corre¬ 
sponds, for the various stages, to that used in the indicator diagram 
given before. The indicator diagrams are very different in Figs. 4 
and 5, but the entropy diagram of Fig. 7 applies equally to both. 
We shall have occasion to make oonsidorable use of entropy 
temperature diagrams later when ife discuss the action of varibus 
substances in refrigerating machines. 


Refrigerating Machines with Separated Organs. 

In this imaginary cycle we have sujiposed the whole of the 
action to be going on within a single ves.sol. The cylinder serves 
not only for the e.xjKinsion and compression of the subsi.ance, but 
aiso as condenser and evaporator. In actual refrigeration it would 
be impracticable to have all the different parts of -the process 
performed in a single vessel. The imaginary engine of Fig. 3 
resembles those primitively simple living things in which a single 
organ serves .all the purposes of stom.aeh, heart and brain. As 
you ascend in the scale of life you find more and more complexity, 
separate organs being evolved to discharge separate functions. 
From the primitive Carnot engine with its single organ we may 
proceed to imagine a more practicable refrigerating machine in 
which each of the four stages of the proci'ss has an organ to 
itself. Supj)ose there is, as in Fig. 8, a separate cylinder for 
conjpixi.ssion, and .another for expansion, a separate vessel C in 
which the substance is taking up heat, and another A, in which, it 
is giving opt heat. You'"may conceive of C .as a tank containing 
brine which is to bo kept cold, and A as a condenser' in which 
the he.at given out by the working vapour as it condenses is 
absorbed by circidating water. The condensed vapour pjisses 
frojn A into the expansion cylinder, and is adiabatically expanded 
there until the temperature falls to that of C. It is then dis¬ 
charged into C, and is further vapori.sed, thus taking up heat from 
the brine; it then passes on to the compression cylinder, is 
adiabatically compressed until its temperature rises to that of A, 
and is then delivered to A, being icotherraally compressed while it 
condenses there. Thus a cycle identical with that of Fig. 3 
might be gond through with the engine of Fig. 8, in ether words 



OF REFRIGiaS^TION . 19 

4 

■we might have a theoretically perfect* refrtge¥ating process with 
separate cylinders for dompression and for expansiod, and sej>aratc 
vessels for evaporation and for condensation. 



In practice, however, the refrigerating' machine as it exists 
does not have all thes« organs. When we.arc pealing wi^h liquid 
and vapoiir, the universal practice at the present time is to ofcit 
one* of the organs, namely, the .expansion Sylimkr, and in conse¬ 
quence of that we have an action wjjich is not identical jvith the 
Carnot action, but is thermodynamically a less perfect action. 
The condensed vapour is allowed simply to stream through a 
throttle valve fron^ the cond^flSer tes the refrigerator, without 
doing work on the way in an expansion cylinder. The reason fbr 
this is thal^ we get a simpler machine without* very much loss 

, 2—2 
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of t^ermod^amic ^flSo-encv, by omitting to save the .work done in 
expansion. We shall discuss this point Inoro fully in a later 
.lecture, but I may say now that two things follow from.this modi¬ 
fication of the cycle. In the first place, the amount of work 
which has to be expend(^ «n the material in carrying it through 
the whole cycle becomes slightly greater because the work which 
would be recovered in the expansion cylinder is not recovered, 
and, in the second place, the amemnt of heat which is extracted 
from the cold body C becomes somewhat less, because the liquid 
is not made cold by expansion before it enters C, and consequently 
it carries with it a quantity of heat into the refrigerating 
chamber or tank, and so diminishes the amount of not or eflfective 
refrigeration. 


Use of Regenerettor. ■ 

The C.amot cycle, carried out in its entirety, w'hich it never is 
in practice, is one means by which we might have a perfect 
refrigerating machine; and get the theoretically greatest amount 
of refrigeratiov from a given expenditure of work. But there is 
one other means by which we might, in theory, have a perfect 
refrigerating machine. Besides the Carnot cycle therte is one, and 
only one other possibility of getting thermodynamical perfection. 
It is by taking advantage of im old invention made in 1837 by a 
Scottish minister, the Rev.* Robert Stirling. Students of thermo¬ 
dynamics are familiar witlf the Stirling hot-air engine, in which 
the working substance is made t'O pass alternately forwards ^ 
and backwards through what is called a regenerator, a body 
packed with a quantity of wire gauze, or some other material 
capable of* taking up heat from the v'orking substance when it 
passes through it in one direction, and then giving back that heat 
to the working sufestance when it passes thipugh it in the other 
dirtictiofi. In thb Cahiot cycle the characteristic is that the 
ch&nge from high temperature to lovT temperature, and again fyom 
low temperature to high temperature, is performed in each case 
by adiabatic expansion or adiabatic compression. In the Stirling 
engine the corresponding changes are performed by passing the 
working substance through the regenerator, and the characteristic 
of that action is that the hkt which io deposited by the 
substance in the regenerator is taken up again in theory entirely, 
in practice as it comes through if in the other direction. 
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By an action of this kind ik is possible to hav^ thermijdynamijally • 
the equivalent of the* Carnot cycle, although the operation is in 
this respect different. The indicator diagram given by a ^as*in 
passing through a perfect cycle in which a regenerator is used in 
place,of the two adiabatic stages, is givt^ in Fig. 9. 



Fig. 10 is the correspofiding entro^Jy‘diagram. In both figures 



Fig. 10. 
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• the lines 4 1 and 2,3 show gas passing through thcTegenerator, 
giving up heat to it when passing in one diAotion, and recovering 
tihdt h{:at when passing in the other. If all the heat deposited in 
the regenerator were picked up again, and if the cycle were in 
other respects reversible,^ it»would, be as efficient as the Qamot 
cycle. In practice, howeven a regenerator cannot be made to 
store and restore heat without^ loss. • 

In one of the earliest of practical refrigerating machines* a 
i-egenerator was actually used. Kirk’s air machine, which will be 
mentioned more particularly in my next lecture, is interesting as 
embodying an endeavour to approximate to the ideal performance 
not on the lines of the cycle of Carnot, but*on those of Stirling, 
using a regonenitor. 


The Areas in the Entropy Biagram, 

The entropy diagram has this great merit, thjit it shows at a 
glance, not only the, work which is being expended on this 
substance in taking it through the cycle, but also the amount of 
heat that is taken uy) at one part, and the amount that is given 
out at another. In the Carnot cycle. (Fig. 7), and again in the 
Stirling cycle (Fig. 10), we have not only the area of the 
figure 1, 2, 3, 4 representing the amount of work that is expended 
on the substance, but the' area underneath, namely, the rectangle 
1 N represents the ‘amount of heat w|,iifh is taken out of the cold 
body, a»d the area 4 N in Fig. 7 or 4 I’ in Figi 10 represents the 
aiiiount of he.at which is rejected to the warmer body. Thus the 
diagram shows by three different areas the three quantities which 
we are concerned with, thfc quantities which I have expressed by 
the letters Qi, Q.^, and IF, or Qi- Qj. 

Again, the, entropy diagram shows jdainly how important it is 
to make jhe range, of tejmperature narrow, an(5 especially to keep 
the bold body no colder than is necessajy. In the entropy, diagram 
of Fig. 11, an area reyn-esenting oije definite quantity of work is 
sketched, in' three different jsonditions of temj)eraturo, always 
having the same upper level Tj, but with throe different values of 
\he lower temperature Tj. In other words the diagram relates to 
three ideal cases of refrigeration iih all of which the heat rejected 
by the cooling machine is thrown off’ at the same level of tempera¬ 
ture, namely 2V, tut the temperature of thq cold body, from which 
h^at is to jbe abstracted, is comparatively hjgh in'case (a), lower in 
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case (b) and lowest of all in case (c). In all l^iree ca§es the ^me 
amount of work is sujiposed to be spent in driving the machine. 
The diagram shows well the great differences in refrigeratin^efii&t,, 

ya) 

yb) 

yc) 


Entropy D 
rig. 11. 

due to differences in the cold temperature. The amount of re¬ 
frigeration which the same amount of work is theoretically capable 
of performing is sho^vn by the i-ectaugle C D in^the tliiid case, 
by the larger rectangle B D in the second, and bj the vei-y mii’ch 
larger rectangle A J) in the firat. If we allow the level from 
which we pump up the heat to be low (as at c), we get only this 
very moderate amount of Refrigeration C D. If wo can allow at to 
.b’e high, not very tar from the tomperature at which we have to 
rgect the heat (as at of, we got with* the same expenditure 
work the cnorm(jusly larger.quantity'of refrig’eratiop represented 
by the rectangle A. I). 

Importance of keeping the Rapge of Temperature 
as ^all as possible. 

The practical moral of this is plain, liot only should the 
cooling water be as* cool as possible, apd ngt ouly sjjould the 
wgrkingsubstance be heated to no higher ’temperature abovd the 
level jof the cooling water thamis necessary to secure a sufficiently 
rapid discharge of heat, but, beside that, we should'avgid having 
the lower limit any lower than can be helped. Suppose, foi^ 
instance, that the problem is one of cold storage, and we arff 
using ammonia as cur refrigerating irifedium ; if we allow the store 
to be kept cold by the direct evaporation of ammonia in pipes 
which arcaplaced in the store, W'c shall in geaeml be absorbing 
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. heat, at a higher teipperature than if we were first of all to apply 
the evaporation of ammonia to cool a taifk of brine, and then 
,metke lohe cold brine circulate through the store. In the second 
case, the communication of heat to the working substance is less 
direct, for there arc two steps to be passed. The heat has,to go 
from the air of the Store into the brine, and then from the brine 
into the ammonia, and in each fif th^e steps there must be some 
difference of temperature in order* that the heat may flow acrcfes 
thp conducting surface which separates the one substance vfrora 
the othei'. In the other case there is oilly one step, the air giving 
up its heat directly through the pipes, to the ammonia, and, 
consequently, the extent by which the ammonia needs to be lower, 
in temperature than the air of the cold chamber may bo expected 
to be less^ Anything that lessens this interval of temperature 
lessens the amount of work that must 'be spent in maintaining 
the refrigeration. I do not, of course, mean to suggest that there 
are not circumstances in which brine circulation is advantageous. 
There are many practical points to be 'considered besides this 
question of thermodynamic eflSciency. 


Direct Application of Heat tp Produce Cold. 

I have still something to say about the production of cold by 
the application of heat insbehd of by the'^application of mechanical 
power. There are certain l^pes of refrigerating, machines where 
there is‘ho visible application of mechanical power at all; where 
yoij j>.re simply giving heat to the machine from a high tempera¬ 
ture source, and the result of this is to pump heat up from a low 
temperature, to another temperature at v/hich it is rejected. The 
ammonia absbrption machine is a familiar practical example of this 
class. , There you •have three temperatures, to consider; the 
temperature T, at which- the high-temperathre heat is supplied, 
the }ow temperature T, of the cold b6dy from which thfe heat -is 
being extracted, and the intermediate temperature T„ at which 
heat is being rejected. Diagrammatically we tpay represent the 

> It is, however, possible to arrange matters so that the nse of brine may 
aotnally reduce instead of increasing the* interval of teipperatare. If brine is 
mad; to drip over the ammonia pipes, and air is blown past the dripping brine, the 
air may be brought nearer in temperature to the ammonia than it usually is in 
direct ammonia cicohltfiion. 
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matter in this way (Fi^, 12). Any machine which directly aj^lies* 
heat to produce cold, may be regarded as equivalent to a com¬ 
bination of motor, or heat-engine, and refrigerator, or heat-puinp. 



Fig. 12. 


A quantity Q of high-temperaturc heat goes in^at one place,' a 
quantity Qt of low-tomperature heat’is thereby caused to go in at 
another pl&ce, and there is an intermediate temperature T, at 
which heat is rejected. ‘The heat Q, which is rejected at- this 
.iiiterraediate temperature is equal to the sum of Q and Q,, for 
tl;ere is no work done by the machine "of spent upon it, as a whole. 
An important practical question with Regard to 8uch.a machine, is 
what is its ideally best peyformance. What is the ratte which 
exists in the most favourable possible circumstances between il’*' 
high-temperature heat Q that goes in at one end, and the low'-* 
temperature heat Q, which is thereby extracted from the cold 
body at tlie other end ? If we imagine the raachinC to consist of 
a perfect heat-engipe driving a perfect refrig^ating machine, it is 
easy to calculate tWs ratio when the •three temperetures arc 
assigned.* The quantity oflieat Q supplied at temperature T^^and 
working between that temperature and 2\, is capable of doing an 
amount of work W such that 

ur. Q(T-T,) 

T . • 

Then this work W, applied to drive a perfect refrigerating 
, machine wihich work# between the temperatUfeS and T,, is 
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♦capable of ajjsorbing ftom the cold body an amount of heat Q, 
such that • 


w _ 

' rn 
J.2 


T 

since 7 ir- ‘,,, is the co-jelffoient of performance, llenc* the 

greatest refrigerating effect which sueh a combination of perfect 
lieat-engine and perfect refrigenitvig machine could produce as 
given by the equation 


But the questioij arises, is there any* imaginable way of 
applying the heat Q so as to produce a greater refrigerating effect 
than this, the tempenatures remaining as before ? The answer is 
no. The combination of a reversible hcaf-engine with a Pevefsible ’ 
heat'pump affords a means of utilising heat for the production of 
cold, which cannot be surpassed in efficiency by any other imagin¬ 
able contrivance. To prove this it is only necessary to apply the 
method of argument already used, and to think of the combination 
as reversed, delivering heat Q to the body at T, and also delivering 
heat Q.^ to the body at T... Then, if any other contrivance could 
be more efficient, it would, using the same high-temperature heat 
Q, remove more heat than Qj from the cold body. Hence, if both 
machines w(u-e working together, on the whole the cold hotly 
would lose heat, while, on tlie whole, the hot body would lose none. 
In othoj^ words, we should then have the irapbssible result that 
heijt^ would, without expenditure of work from outside .and by an 
•agency that is purely self-acting, pass from the cold body at to 
the warmer .body at T^, thfc intermediatt; temperature. The con¬ 
clusion is that no type of rpfrigei’ator using heat directly as the 
agent, ^ such, for instance, as an absorption machine, can give a 
higher mfcio of Q.^ to Q than is expressed by the above equation. 
In ^int of fact, no absorption m.achinc gives nearly so good., a 
return for its heat as t his, for the absorption machine has .an .action 
that is uoA by any means reversible, and, moreover, it rejects heat 
at temperatures higher than the temperature of the circulating 
water. Any he.at rejected at a temj)crature higher than 2\ implies 
a sacrifice of efficiency. 

The entropy diagram may be used to illustrate the most 
effective means' of applying heat to produce refrigesation. In , 
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Fig. 13 the rectangle RO indrawn to repraseiit the high-temjjera-' 
ture heat which is sujfplied, and the rectangle RTi shows the work 



and rejecting heat at 'J\. Lot he the temperature of the cold 
body from which heat is W be <'xtractffid. Draw a rectangle Ql\, 
equal in area to Thgn the rectangle‘TyV measures the 

amount of refrigeration which can, under ideally fareurable 
conditions, be effected by the heat RO. When T is high, andJTs 
not much lower than Tj.it is clear that the supply of heat RO' 
may be much less than^ the refrigerating effect T^N. Ideally, 
therefore,* a given quantity of heat in coming ilown to the 
intermediate temperature from the high temperature may cause 
much more than an equal quantity of hqat to. be pumyed up to 
the intermediate temperature from the low temperature. * In 
practice, however, absorption machines pump up less heat tlian 
they take in, because they foil much short of l5ie,ideal in 
efficiency. 

A mechanical analogy, which is indicated in Fig. 14, may help* 
to make the ideal ^ocess plaiij.' Herfe a quantity of water, M, is 
supplied at a high level, H, and does work in coming down t6 a 
lower level H,. Thisfwork is annlied to raise «a»othor quantity 
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*of wHter, Mt, from » stsll lower level, iff,, up to ff,.- The water 
that has come down from the higher leveF, doing work, as well 
,<w the water that has been raised from the low level, is allowed 



to flow awayr at the level, Hi. The quantities are connected by 
the equation „ 

Coniparing this with the equation given above, which may be 
written 

^{T-Ti}=^^(Ti-T,). 

we see that if temperature be taken as the^ analogue of level, the 
thing which is the analogue of quantity of water is not simply heat, 
but heat divided by the temperature at which it is supplied: in 
other words, entropy. 
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The BefHgeratinft Machine ae a ifteahs of Warmisg. 

An interesting fact is to be noted before we leave the coifeidlra-, 
tion of Fig. 12. The combination of heat-engine and heat-pump 
imagined there has the effect qf delivering to the middle region at 
Ty a quantity of heat Qy equal to Q*f It is clear that Q, is 
necessarily greater than Q ifnd may be very much greater. Now, 
suppose the space at T, is a room which is to be kept somewhat 
warmer than the outer atmosphere, and that the temperature qpt- 
side is T,. A comparatively small quantity of high-temperature 
heat, Q, applied in this )vay, will serve to deliver to the room a very 
much greater quantity of low-temperature hqp,t. This was pointed 
out as early as 1852 by Lord .Kelvin^ who showed that in the 
warming of rooms it would bo in theory muJh more eeonomical to 
gotffrom burning coal in this way, than by directly 
discharging it into the room that is to be warmed. The valae 'of 
high-temperature heat is in great measure wasted if we allow it to 
enter a comparatively cold substance. Th(; way to utilise it to the 
best advantage would be to drive a heat-engine, *and let that'in 
tuni work a heat-pump, which would'lift a much larger quantity of 
heat from the surrounding.level of temperature through the small 
range that is required, fl’o use a coal fire in wanning a romn is, 
from the thermodynamic point of view, a piece of prodigality, and 
it would still be prodigal even if we did not, as we do, allow most 
of the heat to escape by the chimney. It "is at least of some 
theoretical intereifr to recognize that even the most econsmical of 
the ordinary modes of heating buildings, with all their practical 
advantages in respect of simplicity and absence of mechanism, are* 
in the thermodynamic sepse spendthrifff modes of using fuel. 

> Froc. Phil. Soe. of Glmgom, vol. lii. p, 209, or ColUcUi Fapen, vol. 1. p. 616. 



LECTURE II. 

Classification of Refrigerating Hachines generally. 

In the first lecture I dealt with the proce-ss of refrigeration from 
the point of view of .abstract thermodynamics. W(i have now to 
consider the development of actual refrigerating machines. ^ We ' 
may ehossify such m.achimvs by i-efereuce to the particular working 
8ubstanc(‘ they emjiloy. A broad distinction may be drawn between 
in.achines which use air,as their working .substance, and those which 
use a liquid, which is alternately vaporised and liejuefied during the 
cycle of operations. Generally sjicaking, in this second class of 
machines the liijuid which is used is ouo whoso vapour pressure 
is higher than the pressure of the atmosphere, under the actual 
conditions of temperixture at which the machine, works. If wo 
take, for instance, ammonia or carbonic .acid as the liquid which 
is alkirnately liqmhied and vaporised, we find that under tte 
fonditious of temperature within which such machines work, 
the jiK'ssure of the vapour is higher than the atmospheric 
'pressure. But it is quite, possible to use a liquid which can only 
be vaporised by submitting it to a lower pressure than that of the 
atmosphere under the given conditions as to tcmpeiature'.' Water 
is an instance in point. At the tempeiatures at which refrigerating 
machines, work water can only be vaporised by subjecting it to a 
mudn lower pressure than that of the atmosphere. Consequently, 
when water is the working substance, as it is in certain machines, 
the whole; accion is taking pWc in what is relatively speaking a 
' vacuum. It has to take place in chambers which are maintained 
•lit a pressure much below the pressure of the atmosphere, and con¬ 
sequently machines using vmter their working substance are 
frequently sp)ken of, for this reason, as “vacuum” machines. This 
name is applied. a§ a general title to machiq 'S in which t,he vapour 
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pressure is considerably less Jihan the atmospheric pressure tlirough 
out the cycle. 

Further, when a vaporised liquid is uSed for working sultetaftco 
we may cither adopt simply mechanical compression sis the means 
of restoring the vapour to the liquid state, or we may adopt in 
place of mechanical compression a qhertiical action between the 
vapour and some other substance \yhich has an affinity for it. This 
alSemative gives rise to the gipuping of machines under the title 
of “ compression ’’ machines on the one hand or “ absorption ” 
machines on the other. We classify as absorptidn machines those 
in which a quasi-chemical action or species of .solution goes on as 
a substitute for the* mechanical compression used in the other 
vapour machines. In absorption machines there is usually a 
direct application of heat instead of mcchiuiical power, and this 
> forms an&ther disti|j|ction*betiVeen such machines and those of the 
compression type. . • 

Then wo may classify machines of the vapour-coinjire-ssion typo 
according to the particular vapour which they employ, as ammonia, 
carbonic acid, sulphurous acid, or ether machine.s. * 

Wo may also divide air-machines into two groiipS, in one of which 
the same volume of air is made to pass again and again through a 
cycle of operations without leaving the machine. In this group of 
machines the air is confined in vessels which allow it to bo used 
throughout its working cycle of opcnitipns at a pressure higher 
than that of the atmosphere. Such .machines arc called closed 
cycle machines to*distinguish them from the ordinary refrigerating 
machines employing air, in which the air is discharged from the 
machine at atmospheric pressure, and air is taken back again to flie • 
machine at atmospheric pressure. 


Development <01 Air Machines; Historical Sketch. 

* * . * , • 

^ Vapour compression machines—that is machines which emjiloy 

compression to liquefy a vapouB and make use of its alternate con¬ 
densation and re-evaporation, under iwo pressures ancT thprefore at 
two temperatures—form now-a-days by far the most important* 
class of refrigerating’inachines. We shall discuss them later;* 
but first I have t« speak of *nachin6s which employ air as the 
working substance. Such machines filled an important placS in 
.the histoiji of the development of mechanical refrigeration, and 
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they are still doing useful work; though the more .eflScient and 
more compact machines of the vapour edrapression tyjje, using 
ai^raohia or carbonic acid, have now to a great extent driven ttiem 
out of the field. 

The first form of air-rpfrigerating machine of which there, is any 
notice was one invented by Dr Gorrie at Now Orleans about 1845. 
The earliest published account of it w^iich I have been able to find 
dates from 1849. It was patented about that time in England, and 
a ipaachine was constructed with the intention of using ft to make 
ice. Sir William Siemens was asked to examine this machine pro¬ 
fessionally because it had failed to do whivt was expected of it, and 
in 1857 he wrote a report in which he criticised the machine point 
by p>int, indicating the various reasons why its duty was less than 
had been antieij)ated, and showing what were the several respects 
in which it might be improved. This report vias afterwards pub-' 
Hshed in the Proceedings of the Civil Engineers as a contribution 
to a discussion on refrigerating machinery*. Dr Gorrie’s machine 
had a compression cylinder in which the air was compressed, and 
from which it passed into a chamber which was kept cool by sur¬ 
rounding water. This chamber or receiver was maintained at a 
pressure of about 15 lbs. per square inch above the 'pressure of 
the .atmosphere. The air was i)artly cooled during compression 
by the injection of water, so that what passed on to the receiver 
was really air and water-tegether. The air was further cooled in 
the receiver by the application of cold water outside, and then it 
passed on to another cylinder, in which it was allowed to expand 
dov^n to something like atmospheric pressure. While it was ex- 
- i)anding it was mixed with a certain quantity of brine which was 
injected into the expansion cylinder. By being expanded the air 
became mucSt cooled and its low temperature was communicated 
by direct contact te the brine which was mixed with it in the 
expansion cylinder The air leaving the expansion cylinder was 
allowed to escape to the atmosphere,'whilc the brine, which had 
been cooled to about 20° Fahr., was conveyed into a tank, and 
was usefully applied to ice-making or other refrigerating pur- 
' poses. 

Siemens pointed out that by no means the whole of the cold 
which was produced in thfe machme was usefully applied. The 
air was allowed to escape to the atmosphere at the low temperature 
* ink. Proc., Init. C.E., vol. UTiii.,'^l8S2, p. 179. i 
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which it had .reached in erponsion, and th# only pirt-of the eold 
which could be said to*be usefully applied was that part whi^ w^ 
communicated to the brine during the expansion of the air. One 
of Siemens’ suggestions was that the cold air, instead of being 
simplj allowed to escape to tlj,e atmdsphere, should be made to 
give up its heat to the atmospheric »air which the engine was 
taking in for its next stroke, hnd ho proposed what became known 
as Ian interchanger for this purpose. Accoi-ding to this propossil, 
the cold aif before being liberated shouM pass through a series of 
pipes, outside of which should pass the air which was coming to 
the compression cylinder, from the atmosphere.; in this way most 
of the cold would b? saved which was beii^ allowed to go to 
waste through the direct discharge of the chilled air into the 
atmosphere. This interchanger of Siemens is ^hc earliest example 
,we have’of what may be called the regenerative principle as 
applied to refrigerating machines. If we had time to go into the 
history of the subject in detail, we shovild find substantially the 
same idea cropping up at various dates, jnd being applied in 
various ways. We find it in ammonia absorption machines, and 
wo find it also taking a very practical’ form in kome of the latest 
development^ of the art of producing cold, which I shall have to 
refer to in my last lecture., 

. Another point to which* Siemens drew attention was this. 
In Dr Gorrie’s, machine tliere was placed between the chamber 
containing the compressed air and tfce expulsion cylinder a 
regulating valve, vfUch was only partially open, so that the sir lost 
a good deal of its pressure affit passed from the chamber into 
expansion cylinder. Siemens pointed out that the introduction 
of this throttle valve was entirely wrong from thf thermo¬ 
dynamic {toiut of view, and that it resulted in mvch loss of 
refrigerating effect. When air passes through^ throttle valve it 
scarcely falls in tempferature at all, but the, reduction of pressure 
puts it in a worse condition for being chilled by expansion in thie 
cylinder, since there is now a smaller range of pressure through 
which it can expand. A third point which the report bf piemens 
dealt witli il^detail was the influence of the moisture contained in 
the air on the efficiency .of the apparatus. The whole report is a 
document of great interest to aflv’student of the subject as being 
the Sliest criticism of a real refrigerating machine from the poiirt 
of .^w of the meohanic|l theory of heat. 

* E. B. 


3 



34 


AIR MACHINES 


There was, however, a paper some. 5 'ears earlier than this by 
Lord Kelvin, which ought to be referred to in any historical sketch 
, of the subject, however brief'. In 1852 the subject was engaging 
the attention of Kelvin, and also of another great founder of applied 
thermodynamics, Rankii^e. r. Kelvin describes, in language which 
is almost precise enough for^a patent specification, a machine sub¬ 
stantially the same as that which afterwards became a practical 
success in the hands of Coleman.and other inventora. Indeed, 
Mr Coleman, in his descrifrtion of his well-known machine, admits 
frankly that he owes the inspiration of it to Lord Kelvin. 


Eirk'fi Regenerative Air Machine. 

o 

But,hcforc we pass on to see what fruit came from this important 
paper, we have to deal with another type ofnair machine, which 
was reduced to practical form by Dr Alexander Kirk in the year 
18(12. Kirk’s air machine was one in which a confined mass of air 
was passed through the cycle of operations at a pressure always 
considerably higher than the jircssiire of the atmosphere. It was, 
therefore, whai 1 diave classified as a closed-cycle air machine. 
Students of heat-engine theory will recognise it as simply a {Stirling 
air-,engine working reversed; that is to say, working ius a heat- 
pump, instead of working as a heat-engine. Kirk began by 
making a small model, r. jiiagram of .which is given in Fig. 15. 
ABCD was a tin jilato cylinder five inches in diameter, inside 
of which there was a pecuUar double conical plunger, NON, 
which fitted only very loosely, and could be moved easily up or 
down, having a stroke of 1 -j inch. The part NN, which goes all round, 
was simply a non-conducting mass. In the middle at 0 there was 
a regenerator which consisted of a number of plates of metallic 
gauze, through which, when the jdunger moved, the air would pass, 
altematoly giving up heat as it passed in one direction, and taking 
the heat back as it passed in the other direction. When the 
plflnger was pushed down to its lowest point, there was scarcely any 
space loft below it for air, consequently the air had to p.Tss up 
through the regenerator into the annular' space above. The sub- 
stahee which was to be cooled was put into, the cup, E, and a non¬ 
conducting cover was fitted.over it. A pipe, i, led from the hottom 

^ Kelvin, On tbe economy of tbo heating or cooling of buildings by means of 
currents of air.” iVoc. GUis. Phil. .S’oe., Dec. 18»2; Collected Papers, voL i. p. 615. 
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of the space, below the plwger, and comaiuflicated with a (im¬ 
pressing syringe or an "hir-pump without valves. When the piston 
of this syringe was pressed home it compressed the air in Ashn 



to about double its'original pressure, and'when it was drawh out 
again it allowed that air to expand, and recover its original pressflre. 
Wlfile the air was being compressed the plunger NON was put*up 
to the top, and the consequence^ was that’ the •compressed 
air was*ompressed in the annular space underneath the 
plunger. A circulation of cold water was maintained in the 
conical chamber, t, so that the*|i6at generated by compression was 
to a great extent taken up by this cold water. Then the plunger 
was made tp descend. »The air passed through jtlw regenerator, 

;_2 
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gave up its .heat tot it,«and came out •into the upper space com¬ 
paratively cool. Then, while the plungdr was still down, the 
pump^piston was made to move out, reducing the pressure of the 
whole contents. Consequently, the air in this space expanded and 
fell much below its original>tempeptnre. Then the plungpr was 
made to move up, and “the cold air passed down through the 
regenerator, cooling it and taking up heat, after which the cycle was 
ready to be repeated. It is precisely a reversal of the cycle in the 
Stirling hot-air engine. With this small model, only'5 inches in 
diameter, worked by hand, Kirk was able to cool air so effectively 
that he could freeze mercury in the cup JS. From the model he 
passed to devise machines which should apply the same principle on 
a comparatively large scale'. His immediate purpose was to construct 
a machine for the extraction of paraffin from paraffin oil, and he 
carried this out successfully at the Bathgate tParaffin Oil Works.' 
Similar machines, designed by Kirk, were employed also for ice 
making; one of them worked for a number of years in an ice factory at 
Hong Kong. It is recorded of this machine that it produced 4 lbs. 
of ice per lb. of coal. Let us see what this corresponds to when 
we express it in tei'ms of whkt I have called tho co-efficient of per¬ 
formance. We must make some assumption with regard to the 
number of pounds of coal which have-'to be burnt in the steam- 
engine to produce each horse-power-hour of work. It will be 
reasonable to assume tb'at the steam-shgine which was used to 
drive Kirk’s machine burnt between,3 and 3| lbs. per horse-power- 
hour. *In that case 4 lbs. of ice per lb. of toal corresponds in 
i’ 9 qnd numbers to a co-efficient of performance equal to 1. In 
' other words, it would seem that when Kirk’s machine was employed 
, on a fairly .large scale in ifee-making it produced an amount of cold 
which was about equal to the thermal equivalent of the fvork spent 
' upon,^ it. An ideally perfect machine working between about the 
same limits of temperature would have a co-efficient of performance 
of pay 10, so we see that Kirk’s machine fell a long way short of 
the performance of an ideal machine. Nevertheless, this is 
probably the very best performance of any air machine of which we 
have a record. A machine working with air under comparatively 

high pressure with a closed cycle is under better conditions with 
«- 

‘‘The Ueobanioal Production of Cold.” iUtn. Proc. Jiwt. CM. vol. 
xuvii. p, W4. Aq appendix to thia paper contains a useful bibliography relating 
to the early hietofy 6f the mechanical production of dold. « ^ 
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regard to the co-eflSeient o# performance than an open-cycle tair-' 
machine is, and the regenerative principle which Kirk employed 
had the effect of making the machine come nearer to the condition . 
of thermod 3 mamical perfection than is possible in the open cycle 
whichais used in ordinary air m^hineft ^ence this co-efficient of 
performance, although it is only somrthing like one-tenth of the 
ideal co-efficient, is nevertheless a better performance than air 
machines of the more ordinary typo ever reach. 

But wlfy was it that Kirk’s machine gave a performance «o 
small as this ? ' Several reasons contributed to reduce it. In all 
air-machines there is a.fundamental difficulty, very serious in 
practice, in getting heat into and out of ths working substance 
within any reasonable space of time. In this respect air machines 
are at a gre.at disadvantage when compared with machines which 
•vaporige liquid and Condeiise vapour alternately. In the process of 
•vaporising the liquid, and recoiidensing the vapour, it is much 
ciTsier to effect the transfer of heat than when we are conveying heat 
to or from a poor conductor like air. An air macl^ine practically 
requires that the working substance should, when it is at the hot 
end of the cycle, be carried up to a much higher temperature 
than the coding water to which heat is to be rejected, and again, 
when it is at the cold endt>f the cycle that it should be carried 
dciwn to a much lower temperature than the temperature* 
of the body from which* heat is tc %e extracted. In order 
that heat may flpw out of J;he air oA the one hand, and into 
the air on the othef hand, at,anything like a reasonable pa^e, it is 
necessary that the difference of temperature between the air »ijd 
the substance to which it is giving heat, or the substance from 
which it is taking heat, sliould be comparatively large. Then, 
further, another difficulty which existed in Kirk’s idachine, and 
exists in all forms, of air machines, ia th* they are t>ulky 
and that the loss of* effect through frietipn in such machines 
is relatively very large. We must bear in mind that in tall 
refrigerating machines whatever the frictional losses form an 
item o^gnuch more importance* than might at first sight appear. 
For it is not simply that friction means the expenditure of power; ^ 
but also that friction ‘causes g ^evelojiment of heat within the 
machine itself, and that the heA so developed is for the most part 
taken up by the woi-king substance. Friction not only increa^s 
the work which has to Be spent in carrying the wbriing substance 
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through the cycle, bufr by communicating heat to the substance it 
diminishes the net or effective reingeratibn which the machine 
produces. In any form of machine the existence of friction within 
the machine not only wastes power, but since the working sub¬ 
stance has to take up thfi heat gei^erated by friction it is le^ with 
less capacity for taking up heat usefully. 

Kirk’s machine is now obsolete,‘and so indeed are all forms 
of closed-cycle air machines. Two other inventors’ names are 
associated with machines of this class—Allen, an Anferican, and 
the German, Windhausen, who has been a pioneer’in several lines 
of invention relating to the mechanical p^-oduction of cold, notably 
in relation to vapouf-compression machines using carbonic acid. 


Open Cycle Air Machines. 

We come now to the open-cycle air machines, a type which 
has had far more important application. This is the machine 
which was fore-shadowed by Lord Kelvin in 1852, and also by 
Professor Rankine'about the same time. It was first introduced 
practically as a means of refrigerating by Giffard in 1873, was 
afterwards modified by a number of inventors, mainly English, in 
whose hands it attained gresat practical success. Mr Coleman 
says his attention was ■•'drawn to the'subject in "1877 by Lord 
Kelvin, who had been consulted by Messrs Bell as to the best 
means‘bf mechanically refrigerating^meat during its transit over 
tjiQ sea, and it was in consequence of this that he devised a form 
of refrigerating machine which afterwards became known as the 
Bell-Coleman Refrigerating Machine. , His type was essentially 
similar in general features to the machine of Giffard, Vhich had 
been, invented in« 187^. Almost immediately afterwards the 
subject was taken, up by Mr Lightfoot, who proceeded to develop 
a piffard machine, improving it in- its mechanical details, ,and 
introducing new. features. About the same time also air- 
refrigerators were made by Mr Haslam (now Sir Alfred Haslam), 
who at a later date took over the manufacture of the Bell-Coleman 
machine, and who has probably turned o'ut a larger number of 
air machines than any oth'er engineer. Messrs Hall, of Hartford, 
are other makers who have contributed to the extensive use of 
such machine^.» 
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It was in the year IS'JS that the stgainer Strathleven was 
fitted with a machine of this type and made an e’xperimental 
voyage to Australia, bringing, home a Small quantity of ^roaen 
beef and mutton as part of her cargo. This experiment led to 
what Jias now become an enormous Jrade. 

The type of machine with wtich tl;es^ various inventors’ names 
are associated is in its maim featuj-cs substantially the same. It 
coBsists of two working cylinders, namely a compression cylinder 
and an ex}ft,nsion cylinder. The air is taken in by the compression 
cylinder from the room which is td be maintained at a low 
temperature: it is then^ compressed and thereby warmed; it is 
then cooled by circulating water while in the compressed state: it 
is then made very cold by expansion to atmospheric pressure, and 
is finally returned to the cold room from whieh it came. 

In tire diagram (Fig. 16) the space, C, reprcsents a room 
which you may imagine is to be kept at a temperature of some¬ 
thing like 18° Fahr. Air from it is taken in by the compression 



cylinder, M, It is then compressed firom.l to ^ atmospheres or so, 
agd is discharged into the vessel. A, where it is cooled by a emu¬ 
lation of cold water. In the-diagram the aij- is represented as 
passj^ into a number of ptpes •which are kept* copl by the 
circulation of water outside, but in many cases the relationship i# 
inverted, and the air J)asses outside the pipes, while the cold watef 
passes through ttem. The sir was* heated in compression, but 
the circulating water brings it down to a temperature only 
• a little above that of^he water itself. The temperature reached 
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in compression is geperally somewl^at high. In tests of such 
machines it is not uncommon to find a temperature of, say, 270° 
Fahr.* From that temperature ,the air is brought down to 
something like 60° by the cooling water, and then it passes, still 
under high pressure, into ftfi expansion cylinder, N. It is put oflf 
rather early in the stroke, ^nd is allowed to expand until it falls 
to atmospheric pressure. It is.then discharged back into the cold 
room. In expanding from the pressure in A , of, say, 4 atmospheres 
or so, down to 1 atmosphere, at which it is discharged,'it becomes 
very much cooled, and reaches the cold room G, at a temperature 
of perhaps —80° or -100°, or, in some cases, even —120° Fahr. 
Thus the contents of the room are maintained cold by the removal 
of a small portion of its atmosphere by each stroke of the machine, 
and the restoration -of that at a temperature much lower than 
that of the chamber itself. The expanded,air requires to be' 
considerably lower in temperature than the cold room in oi-dor 
that a low temperature may be maintained, in view of the fact 
that heat is continually leaking in from outside by conduction 
through the whlls of the room. 

Fig. 17 is 'an ideal indicator diagram of the cycle through 
which the air is taken in such a machine. The action of the 



'compressing cylinder, M, is shown by the diagram A 1 2 B, and 
'that of the expansion cylinder, N, by the diagram, BB A. The 
area, 1 2 3 4, measures the net amqiint of worV that is expended. 
In this ideal diagram the compression ^d expansion are assumed 
to be adiabatic^ qud the volume of A, a»well as thst of C, is 
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assumed to be so great thjit during the delivery of the air, its 
pressure does not sensibly change. The theoretical co-efficient of 
performance'in this cycle is much less than in the perfect c/cle*df 

T T 

Carnot. It may be expressed as ■* or , where the 

*»“ -*4 

suffixes are used to distinguisfi the tenJperatures at the corres¬ 
ponding points, 1 2 3 4, of the d iagrapi \ In practice the compression 
is hot adiabatic: by using a water jacket or by injecting cooling 
water int<f the. cylinder the compression curve may rise l^ss 
steeply than the curve 1 2, which has the advantage of somewhat 
reducing the expenditure, of work. 


Practical Air machines *and their performance. 

A nutober of independent tests of such machines have been 
recorded, and from the data they furnish it appeai-s that thfe 
co-efficient of performance ranges from something like J to |. 

I do not know of any authentic figures in which the co-efficient of 
performance is greater than f, and in every case *t is somewhat 
greater than Why is it so low? In the first place you 
observe that the actual ranpe of temperature tlirough which the 
action goes on is very large compared with the range whicl\ an 
ideally perfect refrigerator would employ. A machine which, 
appreached the ideal of perfection would take in its heat when 
the working substance was only a tijfle colder than the cold 
chamber, and reject its heat when the working substance \wis only 
a trifle warmer than the cooling water, whereas the actual ran^e 
of temperature, through which the working substance is carrie<f in 
an air machine, may be from — 80° Fahr. up to 270“ Fahr., when 
the chamber is at 20° Fahr., and the water at 60°»Fahr. The 
widening of the range in this way is of itself^ sufficient reason 
for a comparatively*lcBv co-efficient of performance. It is easy to 
show on t,heoretical grounds that such a machine could only*be 
expected to have under the must favourable,conditions a co- 
efficie^of about two, and from th%t you must disedun^ various 
other rources of loss, such as inction, and the influence of 
moisture. 

The actual c07e|Scient of pdrfornumce in an air machine is 
much less than in a machine using a vaporisable substance such 
* * Bee Appendix B. 
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as gnimoni^. In pjirtfthis is to be ascribed to the much greater 
waste of power in friction, but it is largely due to the fact that 
with an air machine the only way of keeping the dimensions of 
the machine within reasonable bouwls, is to chill by expansion 
each cubic foot of air that- passes through it to a temperature 
very much below that of th« cold chamber, and again to heat the 
air by compression to a tcnqieratvtre much above that of the 
cooling water. The theoretical efficiency of the Bell-Colerhan 
cycle is lower than that of a vapour compression miichine, and 
further, the efficiency of the vapour machine can be mode in 
practice to approximate more closely fo the theoretical value. 
The co-efficient of pprformajice in practice of an ammonia machine 
is something like five times that,of an air machine. 

The influence of' moisture in air machines is a point to which 
much attention was paid by the early workeis in 'this field.' 
A distinctive feature in the Bell-Colcman machine was this, that 
a special arrangement was employed for extracting as much as 
possible of the moistijre from the air before it should be allowed 
to enter the expansion cylinder. In the early types of machines 
of this kind a*'go<5d deal of difficulty was experienced from the 
formation of snow in and about the expansion cylinder and its 
valves. The air coming from the sold chamber is generally 
saturated. During compression there is no tendency to deposit 
moisture, for the rise in* temperature more than oompensates for 
the rise in pressuie. But when the air passes into the cooler it 
may deposit moisture, especially if the cold chamber is not very 
cold. For example, air coming saturated from a room at 20° Fahr. 
would be nearly, but not quite, saturated after compression to 
four atmospheres and co61ing to 60° F^hr. But if the cold room 
is considcra&ly warmer than that, and the air is satufated as it 
loaves, moisture wi’l separate in the cooler. In any case, even if 
the air leaving the coqler be not saturated, its further reduction 
of jtemperature in the expansion cylinder will tend, to super¬ 
saturate it. The early inventors were so much impressed with 
the deposit' of snow as a practical difficulty, that they not only 
endeavourad mechanically to remove any particles of liquid as the 
air left the cooler, but they used means of extracting part of the 
water, which was held in sftlution,rby reducing the temperature of 
the air to something lower than that of the cooler itself before 
it was alloAved to complete the cycle by expansion. Hr Lightfooji 
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adopted the plan of dividing the whole exp^sion into two stages. 
He made the expansion compound, using a single cylinder with 
a piston which was made annular on one side by means of a trunk. 
On that side the air was expanded down to a temperature just 
abov^32° Fahr., and on the other side jts expansion was completed. 
In the first stage no snow was ^brmeci, siiice the temperature was 
not low enough, but water Was dgposited, and that was dmined 
aw*ay before the air passed over to the other end of the cylinder. 
In the Bell-Coleraan machine a different device was adopted with 
substantially the same object, namely, a series of drying pipes 
forming an interchangei^ by which the cold air coming from the 
chamber was made t5 cool further the compressed air after it had 
passed through the cooler. A, an^ before it was allowed to expand. 
The current of air in the drying pipes was adjusted so that the 
•temperature should fall to something near 32" in order that as 
much of the moisture as possible should be deposited as water 
(and not as snow) before the air should pass into the expansion 
cylinder. This device is still used by Messrs Haslam in their 
cold-air machines. Other manufacturers have noV given up any 
method of specially cooling the air before expansion—that is to 
say, of cooling it lower than the temperature at which it naturally 
leaves the cooler, and they are content to effect a mechanical 
separation of the particles of moisture which are mixed with the^ 
air at that stage. They make no effort to extract that part of the 
moisture which is contained^in the forjn of vapour in the air, and 
they only mechanically extract what has already been deposited 
in the form of water. They find that no serious difficulty is 
experienced from the deposit of snow during the expansion il*flie. 
air is only saturated and js not charged wdth liquid particles before 
expansion begins. It is true, of course, that the deposit of snow 
will be somewhat greater than if an interc|jangor of the Boll- 
Coloman type be employed; but the degosit is not so ^eal; as to 
affect the working of the valves, and the only inconvenfence 
appears to be that the snow-box, into which tlje air is discharged 
aftcr^pansion before it goes on tc^thc chamber, haS to be swept 
out oftener in one case than the other. 

In the large air-compression machines made by Messrs Hhslani* 
a pair of compoui^d steam-cjilmders^are placed horizontally side 
by side, and each is arranged in tandem with one compression and 
one expansion cylinde#. So iar as the air-cylindeK are concerned. 
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the^ machine is duplex, and one or Jboth pairs may be used at 
pleasure. Each air-expansion cylinder has Valves of the same type 
aef thftse common in steam-cylinders, Meyer expansion valves are 
used, and are worked by prolongations of two rods which work 
the corresponding valves of* the steam-cylinder. The compression 
valves consist of a groAp of discs placed on the cover of each 
compression cylinder. Large machihes of this kind may be seen 
working in London at the Victoria Docks, each taking about §00 
hoyse-power to drive it, causing 170,000 cubic feet of*air to pass 
through it per hour, cooling the air to about — 70° Fahr. before 
returning it to. the cold chamber, and serving to keep cold a store 
of 340,000 cubic feqt capacity by running in general some eight 
hours a day. The compression, cj’linder has a water jacket, so 
that a certain amount of the heat which is developed during 
compression is extracted from the air before ihgoes to the (yxiler'.* 
The more heat that can be so extracted the better for the 
efficiency of the machine. In Mr Coleman’s early machines the 
temperature of the air,during compression was kept comparatively 
low by injecting water into the cylinder. This water injection is 
open to many’prattical objections, especially when sea water is 
concerned, and surface cooling is now exclusively used. 

Xhe large air machines of Messrs •Hall are very similar in 
.arrangement to those of Messrs Has'lam. The largest is 32J ft, 
long, 12 ft. wide, and ft. Jiigh, and circulates 26(>,00() cubic feet 
of air per hour. A'great variety of ^ir machines of smaller power 
are sold by the makers I have named, and als6 by Mr Lightfoot, 
down to belt-driven machines circulating as little as 3,000 cubic 
• feet per hour. 

Air machines have played a larg^ part in developing the 
commercial applications of cold, although now the first place is 

• T^e following fignUss ah(jw the temperatares noted ip a trial of ono of these 


mainlines: ^ 

Cdld Chamber . .... 18®F. 

Ait entering compressor after taking up heat from the drying pipes 53° 

After compre|8ion * . 291° F. 

After thecooler ... •.•. 64° F. 

After the drying pipes (on entering expansion cylinder) . 46^° F. 

After expansion.i . - 72° F. 

Discharge of water from cooler , ...* *. 65°F. 


It will bo seen that the actual range o1 temperature passed through by the 
working sir was 863° while the difference between the temperature of the ohamber 
end the tempemtnft <ff discharge of the cooling water %aB only 47°. * 
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taken by other types. WhCT the problen^’is to produce a cold 
atmosphere in a chamber the air machine is not at the same 
obvious disadvantage as when, we are concerned with the^ pro¬ 
duction of cold in a liquid. I pointed out that when air is used 
as a medium to extract heat from a liquid, the difficulty which is 
imposed by the bad conductidg po\^ertof the air operates as 
a serious practical drawback* This objection does not apply in 
anything like the same degree where we are concerned with the 
production »of a cold atmosphere. Air can be employed as a 
medium for cooling itself more efficiently than it can be employed 
as a medium for cooling anything else. Again, air machines use 
a working substance thal is simple and harmless, and that costs 
nothing. When we come to deal with macliines employing as 
working substance a liquid and vapour wo find in practice very 
^nch higher co-efficients of performance than are obtained with air, 
and thSrefore better economy of power. Nevertheless, in spite of 
their relatively large consumption of power, air machines still do 
a considerable share of the refrigerating work that is done on 
board ship. For other uses, the air machine wouW not now be 
recommended, but for ship-board use it retains the jhvour of some 
engineers, t^though even there it now has two very serious 
competitors in the vapour-compression machines using ammonia 
an^ ^specially those using carbonic acid. 



LECTURE III. 

Absorption Machines. 

We pass now to the consideration of .absorption machines, 
which produce cold .as a direct result of the ultilization of high- 
iemperature heat, without the intermediate step of converting the, 
Teat into mechanical work. In any machine of this type* there 
ire two substances used, which have an aflinity for one another so 
,hat one tends strongly to unite with or dissolve in the other when 
ihey are in th6 cold slate, but they can be separ.atod by applying 
icat. lu the uctien of the machine they are alternately allowed 
;o unite and made to separate. By the direct application of heat 
me of them is driven off in the foriv} of a v,apour. It is then 
londensed, in a condenser which is kept awl by circulating water 
io which it gives up its latent heat. This taljes place at a 
jomparatively high prcssjirc. Then the condensed vapour is 
dlowe^ to re-cv,aporate, and is absorbed by thb other substance 
IS soon as it does so. During this process the other substance is 
iept cool, consequently re-evaporation and absoqttion of the 
rapour go on at a relatively low pressure. This low pressure is 
issociated, tn the vapour, with a low'temperature. While the 
:onden8cd vapour js re-evaporating it takes up heat fi'om bodies 
'ound it, and is effective for refrigeratiouj "This completes the 
;ycie, and the substances may again be separated by the agency of 
lig'li-temperature hciit, and so on. ‘ 

No mechanical work need .be spent in this process, and 
machines of this class have no co-efficient of performance in the 
sense in which we have used that term. In judging of their 
thermodynamic efficiency,, what ^^e have to compare is the 
refrigerating effect, or heat absorbed at the lower extreme of 
temperature, \yl\jle the condensed vapour.is re-evapojating, with 
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the high-temperatnre heat, which is suppled in effecting the 
separation of one substance from the other. Calling the refri¬ 
gerating effect and the high-temperatnre heat Q, as bbfore, 
the efficiency of the process is measured by the heat ratio 

Q. 

~Q' 

I 

.The lower extreme of temperature is determined by the 
pressure a| which re-evaporatioh of the condensed vapour, and its 
absorjition by the other substance, can be made to take phvee. • 
Of practical machines working in this general way there are 
two kinds. In one jcinll the vapour iisetl is water, and it is 
absorbed by sulphuric acid. In the other 4{ind the vapour is 
ammonia, jmd it is absorbed by water. In the first kind the 
action consists in driving off water vapour from a state of mixture 
with sulphuric acid, and then letting the acid re-absorb water 
vapour at a low temperature and ])rcssure. In the secon<l kind 
the action consists in driving off ammonia vapour from a state of 
solution in water; condensing the ammonia vapour, and then 
allowing it to rc-evaporate and become re-absorbed by the water at 
a low temperature and comparatively low pressure. In both cases 
the absorbftig substance takes the place of a pump, in main¬ 
taining a state of low pressure while the process of evaporation 
is'going on. 


Water, Vaponr 'Absorption Machines. • 

When water vapour is used to effect refrigeration, the pressure 
iit which the vapour is fonned, which is the pressure associated ■ 
with the lower extreme of temperature, must be veiy low*, and 
hence machines using water and sulphuric acid are often described 
as vacuum machines. The method of cooling Ijy cvajiorating water 
in vacuo, and using sulphuric sicid to absorb tlie vapour, was Known 
almost from the beginning of the nineteenth century. ProfoSsor 
Leslie, in the year 1810, or thereabouts, described a laboratory’ex- 
pd^ent, in which water was froeen by placing it in a baucer under 
the receiver of an air pump from which the air had been exhausted, ■ 
while there was under.the same receiver another saucer containing ■ 

J > 

^ Water, considered fks a working Bibstanoe m tlie process of refrigeration, has 
the serious disadvantage that iu it low temperatures are associated with very low 
pressures, and^consequently ^itli correspondingly large volun^s... 
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8ulj>huric JKsid. ^ftet the air had been exhausted -the vapour of 
water was given off freely, and was absorbed by the sulphuric acid, 
owin)^ to its great affinity for water. The water vapourobtained its 
latent heat by drawing upon the stock of heat which the water con¬ 
tained, and the consequence was that by the time a certain portion 
of the water was ovaportvted the remainder was so much chilled as 
to become converted into ice. That type of machine is essentially 
one of the absorption type, because the active feature in it is the 
absorption of water vapour by sulphuric acid. The pump which 
produces the vacuum is ah accessory and not an essential part of 
the machine. Actually the pump is required, because there is 
atmospheric air which has to be got rid of in the first place, in 
order to let the water vapour come into free contact with the acid. 
When once the air k got rid of the pump might stop ac;ting, and 
the performance of the machine would continue, were it nht for the 
fact that in practice there is always a certain amount of air mixed 
with water in solution, which continues to be given off by the water, 
and so requires the action of the pump fo be kept tip. If we wish 
to convert such a machine into a continuously working one, with a 
complete cycle of operations, we must separate the water from the 
sulphuric acid in which it has been absorbed. That can be done by 
the agency of heat. Such a machine was, in fact, made in 1878 by 
Windhausen, and was practically employed on a somewhat large 
scale by the Aylesbury Dftiry Company in the making of ice. If 
'was described before the Society of Arts in 1882 by Dr John 
Hopkinson. There a complete cycle of operations was used. The 
water te be frozen was chilled by causing a portion of it to evapor¬ 
ate and be absorbed by sulphuric acid. The sulphuric acid thus 
diluted was passed into a 'jessel called the concentrator, where heat 
was applied to drive off the water, leaving strong acid ready to be 
used over again. 

It is interesting to notice that in this mafchine there was an 
interchanger of heat between the strong warm sulphuric acid 
returning to the machine after concentration, and the dilute acid 
on its way te. the concentrator. This machine was able to freeze 
.about 12 tons in 24 hours. A compound air-pump was used, 
, maintaining an excellent vacuum of only one-twentieth of a pound 
per square inch. The ice ciuis in which the water was placed were, 
of course, air-tight, so that a vacuous atmosphere was maintained 
within them, and when the fresh water ran ipto the cans it actually 
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froze immediafely on entering by its evapoijitipn in this vacujjus 
atmosphere, so that when it reached the bottom of the can, it was 
already in a half-frozen state. The result of this was a very Jreat 
rapidity of action. Six blocks of ice, weighing about 060 lbs. each, 
are described as having been formed jn about 60 minutes after 
starting. Those who are familiar with, thb preparation of ice by 
modem methods are aware that, js ice is now mode, it takes 
something like three days to produce blocks of this size. 

It is characteristic of this vacuum method, where the evapora¬ 
tion of part of the water serves to abstrfJct heat from the rest, that 
the action may easily be made rapid. This, in itself, makes 
the method particulatly suitable in a machine of small size. 
Wherever you have a slow action a small machine is placed at a 
great disadvantage, on account of the relatively large amount of 
boat which leaks int(j it during the long time which it takes to do 
its work. It is highly important, in fact, in the working of a small 
machine, that the action should bo fast, and that is, no doubt, one 
reason why the water-vapour absorption t^po of machine has 
survived in small sizes for domestic purposes. It is in consequence 
of the rapid action that this type of machine does ^ot yield the 
clear blocks (jf ice which are obtainable by other and slower meiins. 
The bubbles of air are caught in the very act of freeing themselyes 
from the water, and as a result the ice is white and spongy. 

The vacuum, is practically necessary in all such machines, in 
order that the operation should go on gufficieirtly fast. Strictly 
speaking, the vacuum is not an essential feiiture. We might have 
the water evaporating into air,' taken up as moisture in the atmo¬ 
sphere within the machine, and the sulphuric acid then drying’ 
that air by absorbing the moisture fi-om it.* But such an operation 
would be intolerably slow, and in order that the machine should 
work properly it is necessary that the air be removed to lot the 
water vapour have free, access to the acid! The pump is lept 
working to_ exhaust any air which leaks in from outside, as well 
as the air that is gradually given off from solutioi^ in the watef.* 

%evious to the development-of Windhausen’s mhchjno Mr 
E. Carrd,in the year 1875, introduced for domestic purposes a small 
form of absorption machine using water and sulphuric acid. 'It 
consists of an air-pump and ^ chamber to contain the acid. 
Connected with the handle of the air-pump is a stirring rod, 
which passes pto the sulphuric acid chamber, so that the surface 


E. a. 
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of,the aci(} is continuously agitate^ in order to, expose fresh 
surface of strong acid to contact with thfe vapour. 

i’ig. 18 shows a modified fotm of the small sulphuric acid 
absorption machine, sold by the Pulsometer Company. It has the 
specially cifective air-pump of Mr Fleuss, shown at A in the^ figure. 



Fig. 18. 


The jar C, containing the'water to be frozen, begins to show ice on 
its surface in a very few minutes after we begin to work the machine. 
After several times of use the acid,' which is kept in the container, 
"B, becomes too dilute for further action, and is then replaced by a 
fresh supply. Its activity could of course be restored by applying 
heat to drive off the water it has absorbed. 

Efficiency of Absorption Machines. 

An" important jiuint to be noticed in regard to the efficiency of 
absorption machines employing two li(juids is that the heat-ratio 
must be less than unity. In other words, the heat Qa, which is 
usefully extracted at a low temperature, is necessarily less than 
the high-temperature heat Q, which is applied at the other end of 
the machine. This is beciiusC a'darger amount of heat is needed 
to evaporate one liquid when it is in a state of solution in another 
than is needqd to evaporate it when, it is in the pure state. 


















ABSORPTION MACHINES 


51 


Take, for instance, the sulphuric acid machine i»d compare the low- 
temperature heat whicfi is being usefully extracted by each youud 
of water which is evaporated, with the high-temperature heat which 
has to be supplied in order to re-evaporate that pound of water 
after it; is mixed with sulphurip acid.» To tear the molecules of 
water away from the acid involves some expenditure of energy over 
and above what is required t6 convert the water into vapour. In 
that part of the process which iscfi'ective for refrigeration—namely, 
the re-evaporation of the water—we have only to tear molecules 
of water from water, and the energy absorbed is consequently less. 
It is a-familiar fact that when water is mixed with sulphuric acid a 
certain quantity of heat is produced. In order then to separate 
water from sulphuric acid, heat must be supplied, and when the 
water is separated in a state of vapour the wBole heat required is 
•more tjiail the latent heat of the vapour. 

There are not many tests to show what is the actual heat ratio 
reached in machines of this type. Ur Hopkinson, in the paper 
to which I have referred, says that the quantity of, coal burnt in 
the use of the Windhausen vacuum machine was about 8 per cent, 
of the weight of ice j)roduced. That' may be 'stated as in round 
numbers one-twelfth of a po.und of co.al per lb. of ice. Now, the 
number of units of heat winch 1 lb. of coal is caj).able of effectively 
giving out by combustion is something like 14,400. The heat taken • 
up in the manufacture of I lb. of ice is*.142 units so far as the 
conversion from water at 32" Fiihr. into ieo is coifceriied, but to that 
we must add the further quantity which is needed to lowerth® water 
from its original temperature down to the temperature at which il' 
is frozen. Probably each pound of ice represents something like 
200 units of effective refrigeration. In that case the hsat ratio is 
the ratio o(f say 200 units usefully extracted to 1,200 units actually 
applied; in other words, it is a ratio of onq-sixtii. It will bo,seen 
later that if the same quantity of heat were applied to drive an 
engine of prdinary efficiency, which in its turn was set to drivg a 
coiMression refrigerating machine of modern typer the refrigerating 
effaw would be greater. High^temperature heat can be more 
efficiently applied to the production of cold in that way than in an 
absorption machine. This is true^not only of absorption machines 
using water vapour fia the working substance, but also of those 
next to be described, which use ammonia vapour as the working sub¬ 
stance, and i* which water is the absorbent. 


'» 2 
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Ammonia Absorption Machines. 

This other class of refrigerating absorption machine, which 
uses ammonia dissolved in water, is in much wider use than the 
sulphuric acid or “vacjiuEi” machine. Its action is in general 
respects the same, but as' ammonia has a much higher vapour 
pressure than water', there is no vacuum, but pressure higher than 
that of the atmosphere throughout the cycle. The ammonia 
absorption machine was invented by F. Carre about thfe year 1860 
At first it was very crude, consisting merely of two vessels, in one 
of which was placed a strong solution of ammonia in water; the other 
in the first instance was empty, and was surrounded by cold water. 
The vessel containing the solution of ammonia was heated and the 
gas passed over under pressure into the other vessel, where it was 
condensed, giving up its latent heat to the water outside. ^ little 
steam j)asscd over with it, but the main constituent of what collected 
in the cold vessel was liquid anhydrous ammonia. The solution of 
ammonia in t|ie first yessel became more and more dilute. After 
this had gone on for some time, the source of heat was removed, 
and the vessei containing dilute solution was surrounded by cold 
water. The condensed ammonia in thg other vessel thKi evaporated, 
being re-absorbed by the dilute solutien. In re-evaporating, the 
ammonia exerted a refrigerating effect. By making the condenser 
(that is to say, the vesal‘1,which served as condenser in the first 
operation, and as i%-evapo;"ator in tl}e second) with a hollow central 
space,'in which a esm of water was inserted, the re-evaporation of 
{he ammonia was caused to freeze the contents of the can. The 
action in this am.all machine of Curry’s was intermittent. It 
required that the vessel containing tjie ammonia solution should 
be alternately applied to the source of heat, and placed in cold 
water. Each of the tAvo ve.ssels fulfilled two separate functions; 
one vesjsel served in the first instance ao the condenser of the 
aqhydrous ammonia, then in the second instance it served as the 
refrigerator. Again, the other vessel served in the first instance as 
the gen/iraW of the anhydrous 'ammonia, and then in the second 
stage of the process it served as the absorber. Suppose, however, 
we have four vessels instead of two, each of the four fiilfilling one 
function, and that we hav^ a pum.p by which,the liquid which has 
been in the absorber and has had the ammonia restored to it shall 
^ See the tables iu Appendix P. 
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be pumped back into the generator. In that case we have tjie 
continuous machine, wBioh was soon developed out of Carry’s 
primitive apparatus. Several inuentors contributed to the improve¬ 
ment—Mr Reece, Mr Stanley, Mr Mart and others ^ding 
features which are found in the ammonia aksorption machine of 
the present day. A continuously acting (nachinc of this class is 
shown diagrammatically in Fig. 19., Here wo have as generator a 



T'ig. 19. 

vessel containing a solution of ammonia; heat is applied to it b^ 
means of a coil of steam-pipe within. The ammonia gas passes 
over from this into anothev vessel, the colidcnser, whichJs a coil of 
pipe kept cold by a circulation of cold water. . There it is condensed. 
Then it passes through a regulating vahe ijto another vessel, 
namely a coil forming«the refrigerator or pvaporator, as it might 
better be .called. In evaporating there, the ammonia picks ^ip 
ho^from any surrounding bodies. It is evaporated under a com- 
paSively low pressure, and consequently at a low tenTpe^ture, so 
that if there is, say, a circulation of brine round the refrigerator or 
ovaprator the brine may be chilled to a temprature considerably 
below the freezing pint of wata. ThAi the ammonia gas, having 
been re-evaporuted, passes over into another vessel where it is 
iibsorbod by* water—not by pure water, however, hut by the dilute 
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8o\ution which is Iqft .after ammonia gas has been evaporated in the 
generator. In the process of generation bf the ammonia gas the 
strong ammonia solntioh rises to the top on account of its smaller 
specific gravity, and the weaker solution falls to the bottom, from 
which it is allowed to pass, through a suitable check valre, into 
the absorber, where it meets again with the ammonia gas that has 
(sirne over from the refrigorater or eVaporator. After having met 
the gas and re-absorbed it, this, liquid is pumped back to the 
generator where it goes in at the top. That completes the cycle 
of operations. In the process of absorbing the ammonia a large 
amount of heat is given out, and hence the .absorber, .as well as 
the condenser, nsjuires to bo surrounded by circulating w.ator, or 
cooled in some other way. 

Notice that as 'regards jiressure the machine as a whole is 
divided into a high pressure and a low pressure p.art. ‘ TJhe loW 
pressure part consists of two organs, the evaporator and the 
absorber, and these are separated from the high pressure organs by 
the regulating valvi;, ^he check valve, and the pump. 

The diagram shows between the pump and the generator 
another vessel, called the interchange! or economiser, which was 
introduced by Mart in 1870, and formed a notable improvement. 
In pixlcr that the absorber should act, the dilute ammonia solution 
in it must be comptu-atively cold, but that solution when it leaves 
the generator is hot. If it. pjissed directly into the ab-sorber it would 
have to be cooled'down,«,nd then,,after the ammonia had been 
absorbed by it, the strong solution would have to be heated up 
again to the temperature of the generator. The purqmse of the 
intorchangor is to make this alternate cooling and heating of the 
liquid go pn without much waste. The interchanger takes heat 
from the weak solution on its way to the absorber and ^ves that 
heat to the stnmg, solution on its way back. Hence the strong 
solution reaches t^e generator at a temperature not very far below 
the temperature of the generator, and the weak solution-enters,the 
absorber at a temperature not greatly above the temperature of the 
absorber,,itself. The interchange' is not complete, and, even if it 
were complete, the strong solution would not take up enough to 
raise it to the temperature of the generator, because there is a 
larger amount of materiAl passing from the absorber to the 
generator than is passing from the generator to the absorber. 
Apart, howoveiv from the loss of heat which thin imperfect 
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exchange invplves, the supply of high-temf)erature heat to the 
generator must necessarily be greater than the effective refrige'ra- 
tion for the reason which ha^ already been explained. In the 
generator we have to tear away the ammonia from the water as 
well aj to produce the gaseous condition; whereas in the refrigerator 
the ammonia molecules arc simply being set)arated from one another. 
Under the most favourable conditions, the heat ratio in such a 
mahhinc must bo considerably less than unity. It takes something 
like 820 oi»850 thermal units to separate a pound of ammonia gas 
from solution with water, whereas the’evaporation of a pound'of 
ammonia gas will only^ take up something like 500 units, and 
beyond that there are several sources of loss, of which the imper- 
fe,ction of the exchange is one. * 

Fig. 20 gives an externaf view of (jn actual ammonia 
• absorption raachine^as made by Messrs Pontiiex and Wood, whose 



business i§ now carried on by Messrs Haslam. Such a machine 
has been used for many years at Meux's trewery where it 
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was installed in The generator, 0,' consists of a cast- 

iron vessel with coils inside, through Mich steam circulates 
to supply heat. The Vapour of,ammonia when it leaves the 
generator is by no means in an anhydrous condition; it ac¬ 
cordingly passes through ap upright vessel, S, containing a«'serie8 
of trays, called an anaysei;, whM separates the ammonia more 
perfectly fiom the water. Tljen it'passes on to the uppermost 
coil of the condenser, Z). This, top coil is distinct from the 
remainder, and goes by the name of the rectifier. Its 'function is 
to'purify the ammonia still'further by cooling it to a temperature 
not low enough to liquefy the ammonia, but low enough to con¬ 
dense the steam which is mixed with it. The water condensed in 
the rectifier is aiught in a series^ of pockets and is returned into 
the upper pirt of the analyser. The ammonia gas continues its 
course down through the main coils of the cfindenscr and, there ‘ 
becomes liquefied. It next passes through a regulating valve to 
the cooler or refrigerator, R, where it is re-evaporated and through 
which the brine or other substance to be covered circulates in 
pipes. It then'goes to'the absorber. A, where it meets with aud is 
absorbed by a ouiTciit of weak liquid from the generator, which has 
passed meanwhile through the economiser or interchanger,. 
Finally, the strong solution formed in hhe absorber goes back to 
the analyser, where it drops down over a series of trays, allowing 
'some of the gas to bo extracted from it,, even befbre-it reaches the 
generator pn)per. The p'ump, P, is for pumping the strong liquid 
back from the absorber to the genorafor through 'the interchanger 
and analyser. 

• The absorption machine at Messrs Meux’s is as large as these 
machines are practically in-'idc in this counti’y. The ordinary mode 
of rating refrigerating machines is to state the number of tons of 
ice they can produce in 24 hours, whether they are actually used 
for the production of ice 'or for other purposes.' This machine is 
employed in cooling the Ivort, and is rated as a 24-ton machine. It 
has a very good record during its long term of service, find a visit 
to it leaves the impression that for .certain purposes there is much 
to bo said for this comparatively simple type of machine. It 
cannot pretend to the same efficiency as that which is reached 
with a good compression maqhiii®> i*'!! claim to be. compact, but it 
has the advantage of few working parts, and has, apparently, very 

^ This machine still employed at the date of the lecture but hae now (1908) 
been oat of use for some years. 
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little liability, to derangemeijt. It commends itself in cases wlvere 
it may be desirable to have little need of attention on the part of 
a skilled fitter. Machines of this class are made to a considerable 
extent in America. The firm of Sulzer-Vogt, for instance, supply 
machiiies having the same organic parts, but differing considerably 
in points of mechanical construction fiom* the machine of Fig. 20. 
Their generator is a long terticid vessel, with three or more 
horizontal projections near the bottom of it, in which the actual 
generation’occurs. It is not a cast-iron vessel, as in the example 
of Fig. 20, but is built up of wrought iron or steel plates, and the 
intcrchanger consists of two concentric pipes, the inner pipe 
forming one channel, and the annular spaije between the two 
fonuing the other. No form of Ijeat interchanger is more effective 
for its purpose than that. • 

Tl^e Sulzer-Vogt machine is used .at Louisville for the working 
of a very interesting system of distributed refrigeration, which *s 
also found in some other American towns. Cold is, so to speak, 
laid on from a e.entral stiition, like gas qnd electricity, to the 
houses and shops of the consumers scattered through the town. 
What is actually distributed is liquid ammorIia;*it is sent out 
under pressure along mains .buried in the streets, and is admitted 
as it is wanted to refrigerating coils on the premises of each pon- 
sumer, who obtains any anfount of refrigeration he pleases by, 
regulating the. amount of.ammonia admitted to his evaporating 
coils. There are two mains, in one oLwhich'liquid ammonia is 
supplied under pressure, while in the other gaseous ammonia is 
taken b.ack to the generating station. Each consumer’s coil is 
simply a pipe forming what would be called in electricity a shunt ■ 
between the two,.and each draws off amiftonia through regulating 
valve to his own coil without interfering with his .neighbour’s. 
The absorption machine is claimed, I think justly, to have the 
advantage for sucli opiitral station worlr^ that, however fast or 
however slowly the ammonia vapour comes back to the cen?ral 
st^ion, it can readily be taken up by absorption|in water, whereas 
if% compression machine were«usedj its speed of wdfking would 
have to vary in accordance with the varying demand for refrigera¬ 
tion. An absorption machine allows the operation at the central 
station to go on in a tolerably finlform svay without much reference 
to the varying rates at which oonsumjrtion occurs throughout the 
area of suonlv. 
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Actual Performance of an Ammonia Absorption Machine. 

I'pointed out that the heat 'ratio in all such machines is 
necessarily less than unity, something like 0'6 from the theoretical 
point of view, but you mustmot suppose that any actual absoq)tion 
machine reaches, or nearly reaches, oven this moderate figure. 
The most complete authentic data with which I am acquainted as 
t(.) the performance of a machine of the absorption type are supplied 
by Professor Denton in a paper published in 1888 by the American 
Society of Civil Engineers. Ho tested a refrigerating machine of 
the Pontifex type, employed to cool brine from 21“ Fahr. to 16° 
Fah r., and supplied with cooling water at 54|“ Fahr. He found that 
each pound of steam supjdicd to the machine gave up 932 thermal 
units, and effected an amount of rcfrigQration measured by 243 
thermal units ; in other words, the heat ratio-''namely, the satio of' 

'■ _ 243 

the effective refrigeration to the heat supplied—was or 0'2C. 

In round numbers, this machine did an amount of refrigeration 
equal to one-quarter of the heat which was supplied to it in the steam. 
The steam whfch '#as reckoiied in this test included not only the 
steam supplied to the generator, but also that required-to drive the 
]nimp. It is interesting to compare this figure with the theoretical 
efficiency of an ideally perfect refrigerating machine. Taking the 
limits of temperature wKeh were used in Professor Denton’s test, 
namely 272“ Fahr.' and 16“ Fahr. for the two extremes, and G7‘ 
Fahr. fa rhean of 64^° and 80’) for the middle temperature, an 
ideally perfect machine made up of a combination of reversible 
heat-engine with reversible heat-pump would give a heat ratio of 
2'61 instoq,d of 0‘26. This shows how frir the ammonia absorption 
machine falls short of being reversible in the therifiodynamic 
sense. It only ge^'s about one-tenth of the_ refrigerating effect 
that might, in th,oory,.,bo got from the same quantity of high- 
temperature heat if that were applied to produce refrigeratioij in 
the ideally most efficient manner. 

[Note <<uldc(l 1U19. In an ammonia aI>Hori>tion process patented by 
Mr W. W. Seay the gas is absorbed by a dry salt of aiumoniiim such as the 
nitrate or the thiocyanate. The gas and salt on uniting form a liquid from 
which the gas is again distilled by hoifr. No water is used. This cycle is 
efficient, for a quantity of heat less than the latent heat of the gas servos to 
separate the gas from the salt, because the salt becomes a solid as the gas 
leaves it, and gi'^'out heat in solidifying.] 



LECTUllE IV. 

The Vapour Comprcsiion Process. 

I rA.ss on to spoak in*some detail about the process of refrigera¬ 
tion which is now far and away the most important process of all 
—the vapour compression proedfes. Air-machines and ammonia 
^ absorptio/i machines fin(> a limited amount of use; but the great 
bulk (Jf the work of refrigei’ation is done by machines which act l)y 
the mechanical compression of a condensible vapour. The scientific 
and historical interest of other methods have led us to spend a 
considerable time upon them, but in point oftjommoj'cial importance 
they take a very secondaiy place. Moreover, the^vappur compression 
process is the most efficient of all. It allows a co-efficient of per- 
formance to be reached in jlractice which makes a very resiicctable 
approach to the thermodynauiic ideal. 

I explained in the fimt lecture, in speaking of Fig. 8, how iC 
liquid with its vapour could be carried tlli’ough a perfect rcfi igera- 
ting cycle, forming a revemaf in all respects of the cycle of Carnot. 
This would necessitate the use of an expansion cylinder as well as 
a compression cylinder, the function of the expansion cylinder being 
to allow the liquid from the condenser tq cool itself .adiabatieally to. 
the temperature* of the fefrigerator. In practice the expansion 
cylinder would be very small—much smaller in comparison with 
the compression cylinder than appears from Fi^. 8, for that diagram 
was drawn to represent a machine using air.* Expansion wpuld 
take place from the volume of the liquid up to a volume in vihich 
oM^h of the liquid is evaporateyl to reduce the t6mj)esature of what 
is Imt down to the temperature of tho refrigerator. That isf generally 
quite a small proportion of the whole—something like one-tenth or,,, 
at the most, one-quarter—and therefore quite a small expansion 
cylinder would suffice. But id all actual machines which employ a 
vapour the expansion cylinder is omitted altogether and the organs 
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' are^jhoseshowndiagmnimatically inFig. 21. There the vapour from 
the refrigerator, C, is compressed in the compressor cylinder B 
into the condenser, A, where it is "liquefied ; but it returns from 
A to C through a simple regulating throttle-valve instead of 


c 



through an expansion cylinder. In passing through the throttle- 
valve part of it becomes gaseous, so that when it reaches C it 
consists of a mixture of liquid and vapour, but the liquid part 
preponderates. It continues to evaporate in C, and, in doing so, 
takes up heat from the surrounding brine or whatever is there to 
be cooled. ' ■» 

Anydiquid which can be alternately liquefied and vaporized, or, 
in other words, any liquid whatsoever would serve as a possible 
working substance in such machines. Liquids which have been 
used are water, sulphuric' ether, sulphurous acid, ammonia, and 
carbonic acidp A machine employing water for its working sub¬ 
stance in this way»-must be a vacuum machine on account of 
the low vapour pressure of water, but its* action is, of course, 
different from that of the sulphuric acid vacuum machine already 
described. Here *he working substance undergoes no solution 
nor chemical change. The vapour as it is formed is disposed 
of by the compressor cylinder’s action as a pump instead of 
by absorption in acid. Windhausen’s machine, to which I have 
referred, was sometimes used without the sulphuric acid, and in 
that case it formed an example of the class of machines we arc 
now dealing wiiih.*- There was only this difi’ercnco, that the water 
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vapour discharged by the air-pump did not complete a cycle by, 
returning to the refriger^or, but other water took its place. 
Another machine of the same class was put oi^ the market 
some years ago by Messis feouthby and Blyth, where water 
was the working substance, and a vacuum was maintained 
by pumping without the use •of sulphiyic acid. The enormous 
volume of the vapour which has to pass through the pump 
in* such machines is a serious pnictical objection to their use. 
It makes .the machine bulky and the frictional losses relatively 
large. It may occur to you that there/ is another disadvantage' in 
the use of water—namely, that if we attempt to evaporate water 
at a temperature below’ 32° Fahr. it will freeze. That, however, 
can be got over when lower temperatures lU'c wanted by using 
brine instead of water for the i^orking substance. The working 
cycle remains practically the same, and the lower limit of tempera¬ 
ture ihay tjien be much reduced. But the vapour becomes bulkier 
than ever the lower you go in temperature; the machine is incon¬ 
venient and mechanically inefficient. The work spent in overcoming 
the friction of the piston packing tends to form a large part of the 
whole work that has to be expended. Rememb*?- that any heat 
developed in the compressor by mechanical friction not only adds 
to the amount of work to’ be done in driving the machine, but 
takes away from the effecliyc refrigeration which the substance 
•should produce. 

Choice of a Liquid in •Vapour Compression Machines. 

In the choice of a liquid for use as working substance in a 
compression machine there are several points to consider—some, 
therraod)Tiamical and some of a general practical kind. One of 
the first is the question ofbulk of which we have just be6n speaking, 
and the consideration of it may be said to put water at once out 
of court. The voluhac of 1 lb. of water vapour*at 32" Fahr. is 3,416 
cubic feet. Its latent heat is 1,092 thermal’units. Hence»tho 
pftton of a machine using water would have to sweep threugh 
s^li^thing more than three cubic feet for eac^ thermal unit of 
refrigeration, if the temperature of refrigeration were 32°*Fahr. and 
still more if the temperature were lower. Compare this with the, 
volume to be swept through*when apimonia is used. Ammonia 
vapour at 32" Fahr! occupies about 4‘8 cubic feet per lb., and its 
latent heat is 568 thennal units; hence the piston would in that 
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case have to sweep thtough considerably less than one-hundredth 
of a cubic foot for "each unit of refrigeration. With sulphurous 
acid for working substance the piston would have to sweep through 
about one-fiftieth of a cubic foot, and with carbonic acid barely one 
five-hundredth. In comparison with any of these the bulk of the 
watcr-vajiour machine isrsxcessivo’. 

Another question to consider is, what will be the working 
pressure on the two sides of the machine—the high-pressure side, 
A, and the low-pressure sid(;, C. I'he.sc pressures are determined 
by the temperatures of the 'condenser .and refrigerator respectively. 
Their limits are fixed I'or any given vapour used as working sub¬ 
stance when we are told what is the tcniperfiiure of the water into 
which heat is reje{fted and what is the temperature at which 
refrigeration is to be,])nrformcd. ' In the choice of a working sub¬ 
stance one has to ask whether the pressuies corresponding to these 
limits are either inconveniently high or inconveniently low. ' With 
water, they are e.xccssively low; the vapour pressure of water is 
considerably less than one pound on the square inch even at thi- 
highest tempci'.iture liki'ly to be reached on the warm side of a 
reli’igtirating m,achi,no. Sulphuric ether was at one time in favour 
as a working s\ibstance, but its vapour pressure is only 3‘541bs. per 
square inch at 32° Fidii'. and is below' the pressure of the atmo¬ 
sphere for all temperatiircs under OQ" Fahr. Hence, in an ether 
"machine both the high ai^d the low pressure sides would be at less 
than atmospheric pressure, and any want of tightness would mean 
a leakage <x+ air into the machine, not a leakage of ether out. This 
is a serious jnactical disadvantage, for the presence of air reduces 
tile efficiency of the process. Besides, these ether machines were 
bulky, and the use of an, inflammable vapour was objectionable. 
Modern mrtchines use one or other of tht'ce substances, sulphurous 
acid, ammonia, and carbonic acid. 


r The following nio the Hgfies lor the four substaners nameJ, at a temperature 
of Sk° Fahr. 
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01-8 

(1 4-8 • 

9 

Carbonic Acid . 

585 

(1-17 

, 








the’vHpoub comphession process 


63 


If we take a temperature of —4° Fahr.’iw a lower limit, that , 
being about the lowest temperature at which rcfrigeiution is 
practically performed, we find Jhat the (absolute) pressure tff the 
vapour in these three substances is for sulphurous acid about 9 lbs. 
per 8q,uare inch, for ammonia about 21^1ba. per square inch, and for 
carbonic acid about 28!) lbs. per square »inch. Ifi again, we take 
86“ Fahr. as a rejiresontative'upjier limit at which heat is liable to 
bc'rejectcd (though sometimes, as, for instance, in the tropics, we 
may have 4o deal with a somewhat higher temperature) we find 
that sulphurous acid has a pressure ftf 66 lbs. per sipiare inch, 
ammonia of 171 lbs. pejj square inch, and carbonic acid a pressure 
of 1,039 lbs. per squai'e inch. On the diagram (Fig. 22) curves an' 



-30-20-10 0 10 20 30 40 


Temp. Deg. Centigrade ^ 

rig. 22. Vapour Pressures in Carlamio Acid, Anuuoiiin, and Eulphurous Acid. 

drawn to show the vapour pressiircs of these substances in relation^ 
to the temjierature b There "the scal§ of temperature is given in 
Centigrade degrees, and the pressures are expressed, not in lbs. per 
' numerical values see tbe tables in Appe^di^^D. 
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square inch, but in‘atmospheres, each atmosphere being about 
14'7 lbs. per square inch. You oli^rve/ then, that within the 
practical limits which I have just indicated the pressures of 
ammonia range from something like 20 lbs. to something like 
170 lbs. on the square inch. These are just such pressures as 
engineers are accustomed to deal with in ordinary steam-engine 
work; they arc pressures which present no serious diflSculty as 
regards the keeping of joints and glands tight. With sulphurbus 
acid the pressure is lower, and it falls below the pressure of the 
atmosphere when the temperature is anything under 14° Fahr. 
This exposes the low temperature side of^ the machine to the risk 
of air leaking in, which is then particularly objectionable, because 
it might produce sufphuric acid and corrode the metal. 

In vapour compression macliines of any class leakage of the 
working substance out to the atmosphere'is in general attended by 
no more serious disadvantage than that a portion of the charge is 
thereby lost, and has to be renewed from time to time, whereas 
loiikage of the atmosphere into the mjichinc means a diminution of 
the efficiency of the process, and in some cases it also means that 
chemical action is Ijable to go on between the working vapour and 
the oxygen of the air. In some cases however, as on board ship, 
leaking of the working substance out'vvards may be attended by 
seridus practical inconvenience and even danger, on account of the 
confined nature of the spice into which it leaks. 

With carbonic acid, which is the third substance on our list, 
the pressures are greatly higher than* in either of the other two. 
The volumes arc correspondingly small, so that machines using 
caTbonic acid have the advantage of great compactness in their work¬ 
ing parts. But the keeping of joints and glands tight is a very much 
more seriouS mechanical problem in these machines, and even with 
the best construction and most careful use the loss of the working 
substance is in general greater in them than in others. On the 
whole, taking pressures as well as volumes into account, ammonia 
has the advantage over either of the other substances as regards 
the convenience of its pressure and volume range. The pressures 
that have to be dealt with are neither excessively high nor 
^excessivelylow; and the bulk of an ammonia machine is moderate. 

Other points to be consjdered'aie the cheapness and stability 
of tbe working substance, cheapness in regard to replacement as 
well as first cost, and stability in the sense of not being liable to 
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chemical change throi^gh kpse of time, ’or through repeated 
passage round and round the cycle of operations. Again, tho 
working substance must not exdrt chemical action on tho metal of 
the machine. Carbonic acid is without action on brass or copper 
as well as iron. Whereas amjnonia,‘though without action on 
iron, is an active solvent of brass and copper, and these metals 
must, therefore, be entirely excluded from the machine and the 
coils and all the parts of the -working system when ammonia 
forms the wbi-king substance. , • 

Again, we must always reckon on the possibility of leakage, 
though the probability » less with some substances than with 
others on account of differences in pressure; and it is important 
to enquire how for the working substance, should it leak, will be 
innocuous—how far it may be allowed to escape into a closed space 
^vithout producing sarious consequences. In this particular, when 
the machine has to be put in a confined space on board ship 
carbonic acid is rightly regarded as less objectionable than 
ammonia. Another point is the facility which the substance 
offers for the detection of leaks, should they occur. In this 
respect both of the other two substances have tfic advantage over 
carbonic acid, because of their smell. These are practical con¬ 
siderations, and the amount of weight to be given to any on& of 
them will depend on the circumstances of the particular case. 

CompariBon of the Substaaces ns to 
Thermodyriamio Efficiency. 

But, in dealing with the relative merits of the various materiak, 
there is still one important element which concerns the thermo¬ 
dynamics of the subject. Jt has to do with the question—How 
far is one' liquid more able than another to approach the 
thermodynamic ideal of efficiency? If we w*re dealing with 
the Carnot cycle of operations, it would be,a mqtter of complete 
indifference which of the various liquids we employed, so far 
thennodynamic considerations went, because in» that case the 
effici4|iy would depend only on 'the limits of temperature, and 
would be unaffected by the properties of any particular working 
substance. But the case is different with the cycle which is 
actually used. That,cycle diffejs from'the Carnot cycle in the 
omission of adiabatic expansion and in the substitution of the 
regulator or throttle-valve, through which the liquid is allowed ‘to 

E. B. * 6 
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Stream, for the expafision cylinder.* Consequently, not only do 
we Iqse some work which might be saved (namely the work done 
in the expansion cylinder), but Vhe equivalent of this work is 
carried on into the evaporator in the form of heat, in the liquid 
which streams through jLhd regulating valve, and this redufces the 
useful refrigerating effect. ‘ The liquid is coming from a vessel at 
a relatively high temperature into a cold vessel, and brings wit(h it 
a quantity of heat which is equal to the difference in temper¬ 
ature between the two multiplied by the specific heat of the liquid. 
In the ovajiorator it takes up effectively a quantity of heat which 
depends upon the latent heat of the vapour. Hence the amount 
of the loss which ivsults from omission of the ex])ansion cylinder 
dejjcnds primarily u]x)n the j)r*.i)ortiou between the specific heat 
and the latent heat of the working substance. 

, To express this in figures, let r be the latefit heat of the.vapour' 
and let (/, and q« be, the amounts of heat contained in fhe liquid at 
the respective temperatures T, of the condenser and of the 
evaporator orirefrigexator. The heat which the liquid carries ovej’ 
is yj—(/s, and this reduces the refrigerating ett'cct from r to 
r — (q, — g^), assuming the evai)oration in the refrigerator to bo 
com])lete*. The quantity q, — q.^ is equal to the specific heat of the 
liquid^, multiplied by the difference <)f tcmi>erature8, T, — 3\,. If 
we ivssumo, as an example, that T, is 62° Fahr., and is 32° Fahr., 
the numbers for the vaiiof.is substances are as follows:— 
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Latent 

Ln^uid 

heat 

i 

j Ilofrigerating 

I efiect 

1‘roportiou 
of loss, 
namely, 



9i - i 


?! - gj 

r 

1 * ’ ~ 

Water.' 


30 

i 1,062 


sulphurous acid ... 

;*• 104 

10 

' 104 


t« Ammonia ..t. 

nos 

27 

.541 

1 

•Oarbonic acid . 

1 t 

: 100 

i 

16 

1 84 

■ I • 


^ There ie a small further redaotion due to tlie work which the pressure of the 
liquid does in forcing the liquid through the throttle-valve (see footnote on p. 70). 

^ The specific heats of the four substances in the liquid state are approximately: 
Water i ... I 
Su]])hnrou8 Acid 0*32 

Ammonia ... 0*9 

Carbonic Acid 0*54 
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Or take a case where tBe range of temperature is wider, and 
let Ti be 68° Fahr., and be 14° Fahr.: a similar calculation*then 
shows that the loss due to the heat brought over in the liquid 
amounts with ammonia to SJ per cent, of the gross refrigeration 
9*, witTi sulphurous acid to 10J* per cent%and with carbonic acid 
to 29 per cent. With water the loss amounts to barely 5 per cent., 
but water, though best in this respect, is out of court for the 
reasons alrjady given. Of the other substances, ammonia comes 
in this respect at the top of the list,* and carbonic acid makes 
a bad third. 

In other words, o£ the throe substances ammonia gives us the 
least falling away from the ideal cycle of Carnot, and carbonic 
acid gives a relatively large falling away from ihat ideal. 


Entropy Diagrams ior Vapour Compression Machines. 

The working of machines of this clas^ is most thoroughly 
grasped by the aid of the entropy diagram. Consider what is the 
form that this diagram will tiike for the woAing of a vapour 
compression machine. The entropy diagram is familiar to many 
persons in relation to the steam-engine, whore we have an aliqpst 
precisely reversed set of operations from those which wo are now 
dealing (Fig. 2^). It may J)e useful to^refer for a moment to the 
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steam-engine cycle of operations befofe cowing to the refrigerating 
cj'cls; In it we begin with the water delivered by the feed-pump 
to the boiler at the temperature of the feed, which is the lower 
limit of temperature. While the feed-water is being raised to the 
temperature of the boiler ft is taking in heat, and this part‘of the 
operation i.s exhibited on the entropy diagram by a line that slopes 
upwaid, AD. The point A ‘is plotted at a height above .the 
datum line corresponding to the absolute temperature,of the feed. 
Tne actual entropy of the water in this state is a matter with which 
we need not concern ourselves: we have only to do with changes 
of entropy reckoned with respect to tKis .state as a convenient 
starting point. Fibm A to D, which represents the process of 
heating the feed-w.ater up to boiler temperature, heat is being 
taken in and the entropy is accordingly increasing. This increase 
in represented, on the scale used to represen^ changes of entropy, 
by the distance EF. D is accordingly placed to the right of A by 
the distance EF and at a height which corresponds to the 
absolute temperaturrf in the boiler. The heat and entropy are 
reckoned, and, represented in the diagram, per unit quantity of 
the working substance. 

Remember that in the entropy diagram the heat taken in 
dufing any operation is represented by the area under the line 
which represents that operation. The heat taken in by the feed- 
water of the steaip-engiYief while it is rising from the temperature 
of the feed to the temperature of the boiler is represented by the 
area AaDF. The next part of the operation is the conversion 
ef the water into steam in the boiler. This is represented 
by the line DC, and the heat taken in during that process is 
FDCG. FG is the gain in entropy' which hccurs during the 
process. The substance is at thftt time taking in heat without 
change of temperature- and hence the entropy line DC is parallel 
to the base. If We wefe to suppose a number of different tempera¬ 
tures at which evaporation might occur, and were td draw-the 
corresponding Iftie to DC for ^ch of them, we should get a 
boundafy line (passing through the extremities of all) of the kind 
represented by the dotted line CH. It is convenient to have 
this line sketched on the, diagram. It represents the values of 
the entropy of saturated steam dt various jfressures and temper¬ 
atures. After the operation DC the .next step is the expansion of 
the steam in the cylinder, and if we suppose the cylinder to bo 
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a non-conductor, so that the expansion is peJformed adiabatically, 
we have the line CiJ*to represent this process, no heat being 
given out or taken in. In this process there is no change of entropy 
but the temperature falls. Suppose the expansion to be continued 

■until Jhe steam falls to the temperature of the condenser. Part 

* 

of the steam, namely, the fraction has become condensed 

duft'ng the expansion. The remainder is now condensed, this 
operation being represented by the line BA. In being condensed 
it gives out an amount of heat represented by the area OBAEK 
Here we have the same cycle of operations as we have in the 
refrigerating machines only performed the other way about. Trace 
the cycle in the order CD ABC, and it fhen represents the 
refrigerating process. The operation CD is .the condensation of 
.the compressed vapour.' DA is the cooling of the condensed 
liquid as it passes into the refrigerator. AB is its evaporation 
there, and BC is the compression. Observe that if the vapour is only 
to be saturated, and not superheated, at the end of the compression, 
compression must begin at B and not at* a poiht further out 
along the line BH. That is to say, the evaporation AB must be 

UH 

incomplete, leaving the fraction still unevaporated and 

mixed as liquid with the vapour whe * it enters the compres'sion 
fcylinder. In pther words the evaporator or refrigerator must" 
prime to that extent if this vapour is'not to Ijecome superheated 
when it is compreSsed. In ma'iiy cases superheating does take place, 
but it is only when the proportion oT liquid to vapour in the mixture 
admitted to the cylinder is in the projwrtion of BH to AB that in 
adiabatic process of comprossion will have the effect of bringing 
the whole into the condition of saturated and dry vajiour when it 
leaves the compression cylinder. The next process CD is per- 
fonned in the condenser, and is the proctSs with whiah we 
supposed the cycle to begin. 

aU Uid substance were in the stajie of saturated vapour whan the process of 
con Asation begins, the process would start from U and the beat given out would 
be the area under A H, namely A EUL At however, we have a wet mixture, and as 
the heat given out is the area under AB. namely EABG, it follows that at B the ^ 

AB * * 

hraotiou is the fra(|^ion remainiijg to be dbnden&ed. In other words in the 

mixture at B the fraction is vapour and ~ is liquid. 

Aii Ail 
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Tte area A EFD Is the heat which is carried over by the liquid 
into the evaporator ’in consequence of the absence of an expansion 
cylinder; the net amount of refrigeration is the area ABOE 
minus the area AEFJ). The question of efficiency as affected 
by the physical differences between any one working substance 
and another depends upon what delation the area A EFD bears 
to the area AEGB —that is to say; on the relation of to 

xr, where x expresses the fraction which is vaporised before 
AB " . 

cwnpression begins, or . The area of the closed figure 

A BCD rnoasm-es the work that has to be expended in performing 
the cycle'. <■ 

Draw a line KL (Fig. 24) so that the area EALK is equal 



‘ The tefrigrration cycle is not strictly a reversal of the steam-engine cycle, 
because the streaming of liquid through the regulating valve is not a reversal of the 
action (of a feed-pump. To luake the one a strict reversal of the other would 
require what we may call a negative feed-pump in the refrigerating machine—that 
is to^ay, a working cylinder which would get out of the liquid the equivalent of the 
work spent on the fee^-pnmp. The woik in question is v' (p, -pj), where e' ie the 
volume of the iiqoid, and p, and p^ are'the pressures in the vessels A and C 
respectively. Hence the work which must be spent on the reMgerating machine 
with a throttle valve is really greater than the area AliCD by the amount 
' «' ( 7 >, -Pj); and the net refrigerating eSpet, is less by the same amount, being 
CT-(q,-((jl-e'lp,-pj). But the term e'(,Pi-P 2 ) is so ^mall except In the case 
of carbonic acid that in most calculations it may be omitted without serious error. 
It is taken account of in the figures for carbonic acid given on p. 76. 
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to the area EADF, or, in other words, so^lhat FMLK is’equal 
to AMD, then the crcea-hafched area KLBG measuses the net 
refrigerating effect per unit quantity of working substance* put 
through the cycle. The co-efficient of performance is the ratio 
of th^ area KLBG to the area ADGB, which is the work done 
by the compressor. 

In Fig. 25 there are drawn to one scale the entropy teinper- 
atifte charts of ammonia, sulphurous .acid, and carbonic acid. On 
the left in. each diagram is the line taken by the substance in 



Scale of Entropy 

Fig. 26. 

changing its temperature without being vaporised. On the right 
of each is a line corresponding to the dotted line CH of Fig- 2S, 
showing the values of the entropy when the substance is completely 
vaporised at various temponatures. These figures bear out the 
conclusion come to before, that the absence of the expansion 
cylinder causes least loss of effect in ammcftiia and most in carbonic 
acid. In each case wo have to distinguish bettveen what may.be 
called the gross refrigeration due to the evaporation of the liquid 
and^c net refrigeiation, which is that quantity minus the area 
under the sloping line on the left-hand side. In the hmmonia 
diagram the lines are as nearly as possible straight lines, and in, 
the sulphurous acid diagram* they aje very nearly straight for 
this range of temperature. The carbonic acid diagram has a 
rounded top at the critical temperature of the gas. The charts 
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for ammonia and sulphurous acid are sketched here for tempera¬ 
tures ranging up to 40° C. only. ' If they were continued to 
safiSeiently high temperatures the sloping lines on the right and 
left in each case would meet in a rounded curve, the top of which 
correspond to the critical temperature. 'We shall call the, curve 
of which both thdse lines are parts the “boundary curve.” 

Wet and Dry Compression. 

“ When compression is* carried on in such a way that the 
vapour does not become superheated it is technically called wet 
compression. When wot compression is .used the regulating 
valve is adjusted sb that the compressor sucks in a mixture of 
vapour and liquid, with the result that the gas is still .s.aturated 
at the end of the compression. By closing the regulating valve a' 
little the vapour passing over from the refrigerator may be made 
to contfiin less liquid mixed with it, and if it contains none the 
compre.ssion is said to bo dry. In dry or partly dry compression 
the vapour bjcomos' more or less superheated. An entropy 
diagram for aipmonia using dry compression is .sketched to scale in 
Fig. 26. Refrigeration is there supposed to t;ike place at — lO’C., 
and coudonsation at 20° C. The line GK shows, in a general way. 



Fig. 2(i. Ammonia Cycle with Dry Compression. 

how the entropy of the ammonia gas changes when it is super- 
^ heated under constant pressure, starting from the saturated con¬ 
dition at C. The point K, is determined by the intersection of 
this line by the vortical line ATiT’through Sl, which represents 
adiabatic compression. It is supposed here that the cumpression 
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is perfectly dry; in other words, that the ooyipressor takes in only 
dry vajibur. The line ^presenting the compression process in the 
diagram accordingly starts from,which corresponds to a stsAe of 
complete vaporisation of the siabstance. Then AH represents the 
evapotation in the refrigerator, JETS’^ the compression, KG the 
cooling of the compressed gas from it^ superheated state to the 
temperature of the condenser, CD^its condensation in the con¬ 
denser, and BA the cooling of the condensed liquid as it passes 
over into the refrigerator. During oorapression the temporaturo 
rises in this example to about 80’C. This superheating enlarges 
the area of the diagranq, and therefore increases the amount of 
work to be spent in working the machine. On the other hand, 
the refrigeration is now greater by the amount of the area under 
BH —measured down to the base lino which would correspond to 
• the absolute zero of.tcmperature. 

Comprassion starting from H may be described as completely 
dry. At H the vapour is just saturated, and as soon as compression 
begins it becomes superheated, the amount of superheat increasing 
as compression continues till the extreme amount i§ reached' at K. 

On the other hand if compression starts from»B there is no 
superheat at any stage. The substance is wet to begin with and 
remains wet until just the.end when (at 0) it reaches the dry but 
still saturated state. 

Between these two extremes we have any number of inter-* 
mediate varieties, for if eompression starts at any iiitormediate 
point between B and H the substance will at first be wet, gnd will 
remain wet until the vertical line crosses OH, after which super¬ 
heating will begin, and the final degree of superheat will be det*- 
mined by the point at which the vertical line meets the line CK, 

An interesting question follows—how far does the wetness or 
dryness of the compression affect the efficiency of the process, how 
far does it affect thq ratio between thi heat taken up hi the 
refrigerator and the work done on the machine T Knowing the 
form of the lines in the entropy diagram, it is easy to calciffate 
hov^ipuch the ideal performance will be affected if we change 
from 'wet compression to dry, or to an intermediate kind, such as 
would be got by beginning to compress at some point between B \ 
and H. If you make this oaldulation,.you will find, in the case of 
ammonia, that it makes no very substafitial difference to the 
theoretical co-e£Seiont of performance whether, jjm make the 
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compression wet or*jquite dry, or anything between the two. 
With the .same temperatures of condenser and refrigerator as 
thosfc in Fig. 26 • (20° C. and -10° C.), I find that the dry process 
with the compression line HK makes the oo-efKcient of performance 
8 per cent, less than the wet process with the compression lipe BG. 
This comparatively small (lifierenbc may seem surprising in view 
of the augmented range of temperature through which the sub¬ 
stance is carried—its upper limit is now 80° C. But it must be 
borne in mind that the great bulk of the heat is still rejected 
during the condensation at 20° C., only a small qtiantity being 
taken from the gas at higher temperatures in cooling it down 
to the ■temperature at which condensation-occurs. If you take 
a compromise mode of working, where there is a smaller amount 
of superheating, the effect on the performance is of course less. 
If, for example, compression begins midway ^between B and H,. 
sp that the amount of superheating is about half of thqt indicated 
in tho diagram, say 30° C., the co-efficient of performance is only 
about 2 per cent, less than it is in the wet process, and if there 
were 16° C. of'-superheating, the reduction is barely one-half per 
cent. The moral pf this is .that so far as thermodynamic theoiy 
goes there is exceedingly little to choose between the perfectly 
wet process as it is approximately performed, for instance, in the 
Linde machine, and the more or less dry processes used by some 
'other makers. 1 woul4 emphasise this because, claims of an 
extravagant kind jire so'mbtimes made in favour of one process 
or another, in this respect So far 'as thermodynamic theory is 
concerned there is little difference in the efficiencies of the wet 
aiid dry modes of compressing in ammonia machines. What 
little difference there is -in this regard is in favour of the wet 
process as compared with any proce® involving copsiderable 
superheating. Strictly speaking, a very small amount of super¬ 
heating is probably advantageous as compared with tho absolutely 
wet process. It i^ only* when we come to a distinctly hip;h super¬ 
heating that there is any material falling off in the co-efficient of 
performance. All Ihesc remarks, however, require this qualification, 
that in a real machine the process of compression is never adiabatic. 

These calculations assume an adiabatic process, but in real 
cylinders there is always a give" and take of heat between the 
working substance and the metal. ' It is by nd' means easy to say 

precisely how that affects the efficiency of the process. The 

» « 
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exchanges of heat between the vapour and {he cylinder will have 
the general effect of lessening the co-efficient of performance, and 
with dry gas the exchanges of l{oat will be less than they are Vith 
wet gas. Hence it is probable, on general grounds, that the loss 
of effiisency which such exchanges cause will be reduced somewhat 
by allowing a small amount’ of superheating, and Professor 
Schrbter tells me that he ha* experimental evidence bearing out 
thali conclusion. At most, however, we cannot expect much 
difference ki efficiency between the wet process and one carried 
out in such a way as to produce soAe superheating, so for as 
ammonia is concerned. JVith carbonic acid, when the upper limit 
of temperature appPoaches the critical point, superheating is 
decidedly advantageous, and even necessary. 

It may be added that, in general, a little superheat at the end 
•of compression is jp-actically useful as giving evidence that the 
regulating .valve is not being kept too widely open. In other 
words it is a guarantee that wo are beginning the process of com¬ 
pression without any excessive amount of wetness. To start 
compressing from a point to the left of B \fould result in having 
the vapour still wet at the end of compression.,anA would reduce 
the refrigerating effect without any compensating advantage. [It 
may be added that since {hese lectures were delivered the tend¬ 
ency in practice is to prefer dry compression.] 


Calculated Theoretical Performance. 

By help of the entropy diagram, or otherwise, we may estimate 
the theoretical performance in a cycle ueing wot compression, and 
compare it with the limiting performance in the perfect Carnot 
cycle*. 

I have worked out^thc figures approxiftiateiy for ammonia and 
for carbonic acid, assuming the upper limit of \eifiperature to'be 
20°C. or 68' Fahr., and taking various lower limits, ranging from 
10'{|^to — 20'C. The results a»e given in the ifable'below, ajong 
with the ideal co-efficient of performance in a perfect machine, 
which is added for the sake of comparison. 

' TbU is most convenientlj done, in the esse of ckrbonie add, b; means of the 
tfi disuram described in the Appendix. 
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Theoretical ao-efficiente if performance ice vapour eompreseion machinee, 
using 'wet compression, the upper limit of temperature being 
20 ° C., the compression being tmeated as adiabatic. 


Lower Limit 
of 

Temperature. 
Deg. 0. 

Theo^tioal Go-efficient of 

1 Performance 

f 

Co-efficient of 
Performance in 

Ammonia 

Carbonic Acid 

Carnot Cycle 

10° 

27>8 

21-1 

«- 

28-3 

5” 

18-1 

13-0 

18-5 

0- 

13-2 

9-3 

13(1 

' - 5° 

10-2 

7-0 • 

10-7 

-10° 

« 8-3 

f.C 

8-8 

- 20” 

.5-a , 

3-8 

6-3 


, The curves of Fig. 27 exhibit these restiltsi It will be noticed 
that with ammonia the ideal performance here considered, namely, 
that of a compression machine without an expansion cylinder, is 
only a little less than the “ perfect ” ideal performance which would 
be obtained by ^following Carnot’s cycle. Hence with this substance 



Pig. 27. Ideal Performance in Vapoor Oompreeaion Machines without 
^ an Expansion Cylinder. 
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we should gain almost nothing by adding aa expansion cyljnder to 
the machine, nothing, certainly, that would in any way compensate 
for the increase of complexity and cost, and the loss of power and 
of refrigerating effect through friction, which an expansion cylinder 
wouli involve. , 

With carbonic acid there is considefably more falling away 
from the ideal of Carnot, mainly# for the reason which I have 
already explained, that the specific heat of the liquid bears a 
greater prhportion to the latent heat of the vapour, arid ajso 
because the volume of the liquid is r^atively considerable. But 
even then the saving in# work which an expansion cylinder would 
bring about is not great, and in practice wq never find the ex¬ 
pansion cylinder, even in carboijic acid machines. 

These results apply to wet compression. Wo shall see presently 
* that with wet corupression carbonic acid is at a serious dis¬ 
advantage,* which is considerably reduced by making the coiti- 
pression dry, or nearly dry. 

Both substances would give results falling more considerably 
short of the Carnot ideal if the upper limit of temperature were 
raised. This is notably true of carbonic acid.* Say, for instance, 
that we have to deal with machines used on a voyage through the 
tropics. The condensing water may have a temperature of 90° Fahr. 
(32° C.), or even more. In that case not only would the Carnot 
ideal co-efficient be lower, .but both machines would fall more short 
of it. The carbonic acid machine woujd fall* in efficiency much 
more than the other when such a temperature is approaphed, for 
carbonic acid is then in the neighbourhood of its critical point, but 
with dry compression it would recover a fair degree of effioicneyf 

Carbonic Acid and the Critical Point. 

The critical pointjs the temperature above which the substance 
cannot he made to change from a gaseous to* a liquid condition. 
In the entropy chart it is the temperature at which the bonlfdary 
liD%on the right and left meet if you extend them upwards. In 
any substance these lines are converging towards one another as 
the temperature is raised. Go on raising it, and you find that* 
they bend towards^ one another, and finally meet in a continuous 
curve, giving the diagram a rounded top. This appears in the 
caabonic acid diagram in Fig. 25. At any tempprqture below the 
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critical ^int there is«a well-defined change of state between the 
liquid and' the vapour, a change which is associated with the 
taking in of heat without change of temperature, but when the 
critical point is reached there is no such change. With ammonia or 
with sulphurous acid the critical,temperature is so high that no 
account has to be taken of rl in calculation relating to refrigerating 
machines which use these substances. But in the case of carbonic 
acid the critical point is comparatively low; it comes at a tempera¬ 
ture about 31“ C. or SS’Fahr., so that it comes within the range 
of temperatures that might have to be iised in a machine working 
in a tropical climate. The effect of apprbiiching the critical point 
is to increase what, we have called the liquid heat, namely, the 
heat that passes over in the liquid from the condenser to the 
refrigciator, in comparison with the latept heat that is taken up 
by evaporation in the refrigerator, and, consequently, to augment' 
the loss which results from the absence of an expansion cylinder. 
The perfonuance of carbonic' acid falls off very materially when 
the condensing watci; is so warm as to approach this critical 
temperature, but the machine does not by any means cease to act 
as a refrigerator, eVen when the critical temperature is surpassed. 
It has been suggested that this might happen, but by arranging 
matters so that the gas is superheated during compression a 
.respectable co-efficient of performance is maintained. 

Thanks to the investijjaj.ions of Dr Mollicr it is'not difficult to 
estimate with predision what the theoretical performance of a 
carbonio acid machine will be under any particular conditions of 
temperature, and with any assumed degree of dryness in the 
' vapour'at the beginning of compression^. 

Basing his calculations on the experiments of the French 
physicist, Ainagat, who has investigated in great detail the 
physical qualities of carbonic acid, especially in the neighbourhood 
of the' critical point, Dj Mollier has drawn a complete entropy 
temjjerature chart for this substance, including the region above 
the critical point,,and giving lines for the superheating of the 
vapour. Dr 'Mollier’s chart is reproduced in Fig. 28. The lines 
with numbers marked upon them are curves of superheating, each 
'at a constant pressure, which the^ number states in kilogrammes 
per square centimetre. ' , , 

^ B. Mollier, “ Ueber die kaloriscben Eigenscliafien der KohlensSure ansserhalb 
dee Sattigongsgebiites.’’ ZeiUchrift fur die 0e$ainmte KUlte-Indmtrie, vol. iii. 1896. < 
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With the help this chart it is easy to trace the entropy 
diagram cerresponding to any assumed c^cle, involving tempera¬ 
tures which lie above or below the,ciitical point, and also involving 
any assumed amount of superheating. Inspection of the chart 
serves to show that wheiv, the condensing temperature k Hear 
30° C., not only is dry obmpression advantageous, but if we were 
to attempt to prevent superheating, the net refrigerating effect 
would be nil. I cannot pass fron^ the subject without a wor^ of 
praise for these investigations by which Dr Mol Her ha^ cleared up 
some difhcolt points in the' theory of refrigeration. « 



As an example of the "use of this diagram, take a case where 
evaporation in the refrigerator goes on at —10° C., and condensation 
at 21’3° C., which corresponds to a pressure of 60 kilogrammes per 
square jentimetre (or 853 lbs. per squai'e inch). Assume that the 
carbonic acid is completely vaporised before compression begins and 
that the compression is adiabatic. The horizontal line ending at H 
(Fig. 29) represents'ohe evaporating process, and the point H repre¬ 
sents the state cf the substance when compression begins. HK is 
the compression, namely a vertical (adiabatic) line drawn through U 
to meet the cpnsta'ut-pressure curve GK for 60 kilos, per sq. cm. At 
K, wteh is the end of compression, the temperature is found from 
the diagram to be 50° C.* KG is the process of cooling the 
compressed gas, under constant pressure in the condenser. At 
G condensation begins. The process of condensation, which is 
represented by the line GD, is complete at D. We shall suppose 
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that no further cooling of the,condensed substance takes pljice, on 
the high pressure side of the machine. If there wore anVxpansion 
cylinder, the action in it would be represented by the line 

MU 

DM, and in that case the ratio -t,, would be the wetness after 
• ,A1I ■, 

expansion, and tbe area under MU would be the refrigerating 
etfeijt. But in the al>sence of an e.\pansion cylinder the net effect 
is reduced by th(! heat which .the liquid carries over into the 
refrigerator *as it streams through the regulating valve, including 
the heat equivahuit of the work spent uj)ou it as it streams 
through, consequent on tlxj diifereuco of pressure. The net effect 
may then be estimatecl !us the .wa under Ntl„ where N is taken 
at such a distance from M that Itie ari'a under MN (measured of 
course to the base-line representing the aksblute zero of tein- 
^)erature) is equal to the area DAM plus the heat equivalent 
of the work spent, namely (}h — 'lh)> into the volume of the 
liquid. [DN i.s a line of constant total heat, see Appendix F.] 
[In A])p<uidi.'i F, another diagram is described which was intro¬ 
duced by J)r Mollier in l!)04. It afibrds a still more convenient 
means of making a cpiantitative examination sf the theoretical 
action in a refrigerating machine, esjiecially in cases where carbonic 
acid is the working substance. In that diagram the effect of 
using a regulating valve instead of an expansion cylinder is 
nWdily delermivied. An evmiple is givrti in the Appendix.] 

It will be obvious from the diagram Jhat fiiere is a materia, 
advantage in cooling the condensed substance as far as i»ay be 
practicable on the high pressure side of the machine, before allowing 
it to stream through the regulating valve. If such cooling* were 
carried out, it woijld be represented by iontinuing the constant- 
pressure line through D downw'arrls: the form of the lipe would be 
a curve lying somewhat to the left of DA, as is ^hown in the large 
scale diagram in Fig. J8. The further down this curve we* can 
go before allowing the gas to expand, the less heat will be carrie’d 
over through the valve, and the greater will be the^net rcfrigcratfiig 
elfec||^ This point is one to which particular attention shuuld.be 
paid in practice. Condensation is in general effected at a tempera¬ 
ture considerably above the temperature of the cooling water. But 
it is well worth while, especially *wfien carbonic acid is used, to take 
pains to get out of the condensed liquid all’the heat that can be 
got out of it before it passes the valve, by passii^ jt through a 
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cooler which is kept' as cold as possible by using the condensing 
wa^er in its coldest available state. 

Hlstoricsd development of the vapour compression 
process.—;Perkins’s Machine of 1834. 

Leaving questions of theory, we have now to speak of the 
historical development of the vapour compression process, and of 
the modem forms taken by va|)our compressing raatohines. The 
process dates from 1834, when Jacob Perkins patented an apparatus, 
which is in all essential respects the same as the compression 
apparatus used at .the present time. Sir Frederick Bramwell, in 
the Journal of the Society of Arts for December 1883, has told the 
story of Mr Perkins’s experiments, in which he took part as an 
apprentice at the works where the machine was built. He has 
told how with imfpense effort they succeeded on one occasion in 
producing a small piece of ice, which he immediately wrapped in 
a blanket and carried off in a cab to show to Perkins. 

Fig. 30 is a sketch based on Sir Frederick Brainwell’s de¬ 
scription of' the' Jacob Perkins apparatus of 1834. P is the 
compressing pump which is fitted with self-acting valves. The 
vapour is compressed into a coil of pipe forming a tubular 
condenser, W, which is surrounded by circulating water. From 
the condenser it pasSl^s, in a liquid state, through the loaded 
throttle valve, D, into, a chamber formed by the space between 



Fig. 30. Vsitont Compression Refrigerating Machine b; Jacob Perkins, 1834, 
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the two bottoms of the,freeang basin, A, ■vfliere it is vaporised, 
and from which it returns to the compressor. We have hereiall 
the elements of the modem comjfression machine, and Perkins was 
no doubt warranted in making the wide claim which is stated in 
his patdht. He claimed (Patent ¥o. 6668 of 1834) “The apparatus 
or means, as above described, jvhereby T am able to use volatile 
iluidibr the purpose of producing the cooling or freezing of fluids, 
and yet at the same time constantly condensing such fluids, and 
bringing them again and again into operalion without waste.” The 
fluid he meant to use was sulphuric ether, but the experiments 
were made with a liqiyd produced by the destructive distillation 
of indiambber, about which I can learn nothirtg definite beyond 
what Sir Frederick Bramwell has told me, namely, that it smelt 
abominably. It was the intention of Perkins to establish an ice 
factory in the River Thames by putting some of these machines in, 
barges and driving them by paddles which were to be turned by 
the ebb and flow of the tide. 

Though it must be admitted that this means •of getting a 
supply of power was somewhat visionary.4;he refri^erajiing machine 
in itself was a thoroughly practical invention. As an inventor, 
however, Jacob Perkins was in advance of his time, and for many 
years his ideas bore no fruit. ^ It was not until 1857 that the 
compression process came into commercial application. Then a 
machine using sulphuric ether was introdueed by James Harrison, * 
of Geelong. It is interesting to find a dblonia! engineer taking 
this important stop in the development of the process, an3 it is 
,appropriate, for certainly no parts of the world have profited more* 
from mechanical refrigeration than have the Australian colonies. 
On its introduction'by Harrison the ether machine quickly came 
into considerable use, its manufiicture being taken up fh England 
by Messrs Siebe and Gorman. But the ether'machine is pow 
obsolete. It had the dfawbacks to which reference has already 
been made.* The bulk was large in comparison with machines 
using other vapours, which came later into vogue.* Thp pressure, 
both if the high and on the low pressure side, was considerably 
lower than the pressure of the atmosphere, consequently there was 
a tendency for air to leak inwards.* Finally, the vapour of ether 
was highly inflammable. Ic wa» to take the place of an ether 
machine at the Bathgate Works that Kirk invented his regenera¬ 
tive air machine, which I described in a former IScthre, for the 

6 - 1-2 
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ether' machine had })rod\iced a cataetropl;[e by allowing the vapour 
to.leak out, filling the room with iiifiammable gas and causing a 
conflagration. * 

Chloride of methyl was proposed as a working substance for a 
compression refrigerating machine by Vincent in 1878, 'and was 
brought into use to a smdll extent,about 1884. 

Sulphurous Acid Machine (Pictet)^ 

The sulphurous acid machine dates from 1875, when it was 
introduced by M. Uaoul Pictet. An example of it is shown in 
section in Fig. :i<!. 

'Tliis machine is well known in Franco and Switzerland, but is 
not much used elsewhere. Owing to the comparatively low vapour 
, tension of sul[)hurous acid the construction Uiffej-s in many points 
of detail from that of machines using ammonia or tarbonic acid. 
'I’he condenser. A, which is much like an oi'diuary maiino con- 
(hmser, consists of i> group of parallel tubes set between two tubi; 
plates. The compressed.vapour is delivered through the pipe, 1), 
to the space surrounding the tubes, while the cooling water, 
entering at L, circulates up through the tubes .and down the 
annular space outside to the e.\it at M. 'Phe sulphurous acid 
passes in a li<jueticd form through the regulating valve, K, to the 
refrigerator, C, which k built up of h'orizontal drftms connected by 
vertical tubes, and is immersed in a tank of brine. In this example 
the brine is used to freeze water in cans, one of which is seen in 
. section at H. The brine is kept in circulation by the screw pump 
0. The cylinder is furnished with a w.ater jacket to keep down 
the temperature of the gas during compresiion. This makes a 
variation 'from the simple process of compression and we fre- 
quyntly find the siime Ibature in machines using other vapours, 
.'fho gas is kept by .the jacket from getting so hot as it would 
(ki if the compre.ssion were strictly adiabatic. Referring back to 
the entropy diagram, the effect of the water jacket is to bend 
the compression line backwards. Instead of being straight and 
vertical, as the line is for an adiabatic action, it is bent to the left 
as it rises, heat being taken aiw^ by the jacket during the com¬ 
pression. Hence the compression line intersects the constant- 
pressure curve for superheating at a lower point than an adiabatic 
line would ftitbrscct it; in other words, the amount of superheatipg 
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is less. The work done in compressing the substance is also less. 
A water jacket is often* useti in vapour compression fnachines, 
whether the working substance, is sulphurous acid or anotW 
substance. In Pictet’s machine, however, the water jacket extends 



not only round the barrel of the cylinder, but also through the 
interior of the piston and the piston-rod. The piston-rod is hollow, 
and communicates with the watei* jacket by means of two flexible 
pipes. A feature of these machines is the absence of lubrication, it 
being claimed that the working substance itself acts sufficiently as 
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a lubricant of the cy\inder and piston. In his refrigerating practice 

Pictet hac used for working substance 4 special fluid, consisting 

mafnly of sulphurous acid, buf- with the addition of about 

3 per cent, by volume of carbonic acid. 

Ammonl’a Machines (Linde). 

The ammonia machine was introduced by Dr Carl Linde, then a 
professor at Munich, in the year 1876, and was brought into usem 
the following year. HisEhglishPatent wasNo. 1458ofl876. The 
convenient range of pressure of ammonia and the comparatively 
small bulk of the machine commend it to general acceptance, and, 
further, it has, as I have pointed out, a thennodynamic advantage, 
in giving a cycle which makes a closer approach to the ideal cycle 
of Carnot than is got with any of the other; substances that are 
practically used. The design of the Idndo machine has been 
carried out with conspicuous cai'e, and it owes much of its great 
success to excellence in mechanical detail. * 

A very large proportion of the whole work of refrigeration done 
for commcrckil purpose )ii now done by ammonia compression 
machines, especially in cases where economy of power is a leading 
consideration in determining the choice of apparatus. For there 
can be no question that, whatever uhe merits of other types, the 
ammonia compression machine stands easily first as regards the 
ratio of refi’igerating efiCgct to power expended in producing it. 

Fig. 32 shows in section a compressor of the characteristic 
Linde type. It is double-acting, with spring inlet and delivery 
valves- at each end. The valves in the ends of the cylinder are 
so arranged as to make 'the clearance space psirticularly small— 
something l^ke half of one per cent, of the volume swept through by 
the piston. This secures a nearly complete delivery of the contents 
of the cylinder at each’'stroke. An interesting detail about these 
machines is die construction of the stuffing-box. To prevent 
escape of the ammonia the device is adopted which used to be 
called in steam-engines a lantern brass. The packing is divided 
into two parts, with a hollow space in the middle, and the space is 
in this example connected by a pi^ -with the suction side of the 
machine. Hence any ammonia which leakj through the inner 
part of the packing is carried away to the suction side, and not 
' lost, and the, o;jter part of the packing is exposed to no mor^^ 




82. C<«npre8aing Cylinder of the Linde AmmonU^aebine. 
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pressure than the difference between the pressure on the suction 

side and that of the atmosphere. Any* leakage to the outside 
depends upon that difference of pressure, and not on the much larger 
difference of pressure which exists between the compression side of 
the machine and the atmqsphcre. Another point of importance is 
the lubrication. Oil ctrcvlates through a hollow in the gland, 
and spreads itself over the surface of the piston-rod. No more oil 
is used than is required for the Ipbrication of the piston-rod. In 
tjiis respect the Linde machine diffci-s from some othbr examples 
of ammonia machines, in which oil is injected into the cylinder and 
is allowed to mix in considerable quantity with the working 
vapour. [In the later practice of the Linde‘Company the use of a 
circulating pump for the oil is abandoned, it being found sufficient 
to use a sight-drop lubricator which allows a small quantity of 
oil to enter the cavity of the gland and sa lubricate the rod.]' 

'■ Even here, however, there will be some slight admixture of oil 
with the ammonia, and as it is desirable to remove the oil before 
the ammonia is condensed, in order to prevent a deposit which 
would interfere with the activity of the condensing surfaces, an oil 
separator is used in the larger sixes of the Linde machine. This is 
an upright ves.scl, through which the ammonia from the com¬ 
pressor passes, depositing in the bottom any oil that it brings over. 
Tlie oil is drained into a second vessel below, which is exposed to 
the suction pressure only, so that most of the ammonia contained 
in the oil. evaporates beiore the oil is drawn off. The machine and 
all pa);ts of the system are made of iron and steel, no brass or 
copper being permissible. There is no water jacket, for wet 
compression is used, and the ammonia when it leaves the cylinder 
is cod. Linde usually makes his compression cylinder horizontal, 
except in the smallest sixes; the steam cylinder is also horizontal, 
and drives on a crank set at right angles to the crank of the 
compressor. This form is preferred to tl\e tandem arrangement 
f/f steam and ‘compression cylinders, on the ground that it gives 
■ a biore uniform crank-effort. With the tandem arrangement the 
ate.am-i)ressure is least when the* compressor pressure is greatest. 

[In the more recent practice of the German Linde Company 
the tendency is to use dry compression, and water jacketing is 
resorted to in the larger machines,* but the British Linde Company 
continues to prefer wet compression, which is claimed to have the 
advantage tl)at,jt enables the regulation to be more easily effected 




AmmoniA Machine. Marine Type. 
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In another form', of large machine, a compound horizontal 
steam-engine is used along with two pafallel compressors, each ' 
Bteafti cylinder being set tandem, with one compressor cylinder. 
An example of the Linde machine, in one of its marine types, is 
shown in Fig. 33. In the hands of Dr Linde’s companies in 
England, on the Contiaept of Europe, and in America, the 
ammonia compression machine has 'achieved a very conspicuous 
success. The result of tests will be quoted, in the next lecture, 
illustrating the performance of the ammonia compressicm machine. 
For use in cases where lar^e amounts of refrigeration have to be 
effected, its high efficiency gives it preeminence over other types. 
For usd in confined spaces on shipboard, ho^vever, ammonia is by 
no means an ideal working substance, and the question of efficiency 
gives place to other eonsidcrations which often lead to the selection 
of types in which the co-efficient of performanoe is less. ' 

Other Ammonia Machines; De la Vergne system. 

Other amnlonia machines, more or less closely resembling 
these, are made by the Fulsometer Company, and by Messrs 
Haslam. In America there are a host of manufacturers of 
such machines. Some follow Linde without much variation; 
othel-s adopt a drier method of compression, as for instance • 
the De la Vergne Comjiany, whose machine has a great vogue 
in the United Statgs, and has also met with considerable success 
in England,, in the hands of Messrs Sterne. This presents a 
number of interesting points of difference from other ammonia 
machine,8, the most chanicteristic one being the amount of oil 
injected into the cylindor. The cylinder is vertical, and the 
clearance spaces, which are comparatively large, are filled .with oil. 
The piston works down into a bath of oil at the bottom of the 
cylinder. The oil p'asses' through a valve in the piston on to the 
topj and when the f)istoii rises it carries the oil up with it, forcing 
it aguinst a movable head at the top of the cylinder, which rises 
to let the oil o.scape. Fig. 34 is a section through a De la Vergne 
compressor. In this case the compressor is single-acting, the 
lower end of the cylinder being permanently in connection with 
the suction side of the machjne, but double-acting compressors are 
also used. It is claimed that the Oil in this kystem serves four 
functions; it lubricates, it seals the glands, the valves, and the piston 

• t 
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rings, it gets rid of the effects of clearance, and to some extent it 
cools the ammonia diSng compression, much as a wnter jacket 
would do, preventing the temperature from rising so high as'it 
would rise if the compression were adiabatic. The ammonia 
is, however, considerably superheated. 



Fig. 84. Single-Acting De la Vergne CompreBSor' 

avoidance of clearance iS scarcely perfect, for C>il left in the 
clearance space, being more or less absorbent of ammonia, gives 
off a certain amount of ammonia gas during the return stroke, • 
when the pressure^is reduced • 

The De la Vergne compressor is carried on a Irame vertically 
above the crank, and the steam cylinder is Jiojizontal. The 
















92 


THE VAPOUR COMPRESSION PROCESS 


diagram, Figj 35, is a •general view oj a De la Vergne apparatus, 
including aft oil-cooler as well as a condenser. The condenser in 
this example is of a type which practically all the makers of re¬ 
frigerating machines often use. Instead of being composed of coils 
submerged in a tank, it is iR the form of a group of pipes, arranged 
more or less horizontally in an open stack, and a fine stream of 
water is caused to drip over them, while the whole is exposed to 
the free access of air. This is the “ evaporative ” or “ atmospheric ” 
type of condenser; it is frequently used for stationary plants in 
preference to the submerged ermdenser, because it requires very 
much less water. Such condensers arc preferably set on the roofs of 
buildings or in othei; places where there is much movement of air: 
in some cases a fan is used to incyease the atmospheric circulation. 
In condensers of the ev.aporative type the condensing water 
absorbs heat not simply by rising in temperafr-ire, as it does in a ' 
submerged condenser, but by cviqwrating, and the latent heat of 
water is so large that the amount of water required is a mere 
fraction of the quantity that would have to circulate through a 
condenser of the submerged type. The condenser in this example 
is divided inttf a number sections, from which the ammonia 
drains into a storage tank, whence it passes through a regulating 
valve to the refrigerator. It should be understood that the evapora¬ 
tive type of condenser, though it happens to be illustrated here in 
connection with a De la'Vergnc plant,.is by no means peculiar to 
that system. The 'Linde Company rarely use .any other type of 
condenwT, and it is a favourite with other makers .also, especially 
when economy of condensing water is aimed at. 

The refrigerator in Fig. 36 is made, up of a scries of pipes, 
placed' in the room whifch is to be kept cold. The ammonia 
expands in tpese pipes, taking heat directly from the suiToimding 
atmosphere of the ,room. This direct expansion, as it is called, is 
a usual feature in the De la A^crgne plant but is not at all 
peculiar to it. ' To aid the expansion pipes in taking in heat 
from the air their surface is increased in this example by a 
number of ertst-iron discs, but the'advantage of these is probably 
slight after the pipes become coated, as they quickly do, with frozen 
moisture from the air. [The difliculty with the snow is in fact 
such that the use of these discs is now generally given up in new 
plants, and in some cases where they were fitted in the first 
instance they.hgve been removed.] The oil, which is a charac- 
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teristic feature in the De^la Vergne machine, passes from the 
compressor to a separating tank, and to a cooler, which»i8 arranged 
in much the same way as thh. condenser, in the form of a stack 
of pipes with dripping water. After being cooled the oil is again 
injected into the cylinder. There is Ijhus a continuous circulation 
of oil as well as of ammonia. < • 



There is "no question th« ttese, machines work exceedingly 
well, but I am not prepareif to s«iy that the excellence of their 
working is due to the oil circulation. It is difficult, on any ground 
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of thenpo-dyDatnie or-other theoiy, tg suggest a reason for expect¬ 
ing any mSrked advantage to result from this oil circulation, and 
there is no doubt, on the other hnhd, that it leads to a material 
increase in the complexity and cost of the apparatus, pt may be 
added that in the later practice of .this firm the use of oil injection 
is to a great extent giveh up.] 

Carbonic Acid MacMnes. 

One type of viipour compression refrigerator remains to bo 
spoken of, the highly important type which uses carbonic acid as 
working substance., Carbonic acid machines were patented by 
Baydt in 1881, and by Windhpusen in 1886. It is proper to 
mention that Professor Linde was one of,the first, if not the very 
first, to introduce carbonic acid practically- as a medium of 
refrigeration. In 1882 he supplied to Krupp’s firm; at Essen, 
a carbonic acid machine, but -he preferred ammonia on thermo¬ 
dynamic and other grounds. The carbonic acid machine is 
particularly associated with the name of Windhausen. His patents 
were taken up' in England 'by Messrs J. and E. Hall of Dartford, 
who have successfully faced the difficult mechanical problems 
involved in compressing, condensing and i-e-evaporating, without 
serious loss, a substance which reaches a pressure of over 1000 lbs. 
on the square inch in tl;e, high-pressure side of the apparatus. 
Thanks in great measure to good constructive features introduced 
by Mr F. Hesketh and the late Mr A. Marcet of that firm, the 
carbonic acid machine has become in Messrs Hall’s hands a 
thoroughly practical means of refrigeration. It is specially 
suitable for use on board ship on account both of its compactness 
and of the comparative harmlessness of carbonic acid should 
leakage take place. The high pressures make it necessary to 
adopt 'arrangementp which are considerably different from those 
adopted in ammonia machines. Figs. 36 and 36 a give sectional 
views of the cylinder of a small double-acting carbonic acid com¬ 
pressor by Messrs Hall. Fig. 36 is a longitudinal section showing 
the piston, the gland, and the two delivery valves. Fig. 36 a, which 
is reproduced here on a somewhat larger scale, is a transverse 
section showing the suctionf valve as well'as the delivery valve at 
one end of the cylinder. The construction of the valves will be 
apparent from F'g. 36 a, where the delivery valve is drawn in . 
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section.. The piston-rod is packed ,by two cup leathers, a form 
of packing-specially suitable to keep the ^ from escaping at the 
hig^ pressures under which corapnsksion is carried on, and similarly 
the stuffing-box is also packed with a pair of cup leathers, and 



■ Fig. 31? a. Tnlnev'crsc Section Oirough Hall’s Carbonic Acid Compressor. 


the'space between them—the lantern of the stuffing-box has oil 
or glycerine- compressed into it' which serves as the lubricant. 
The lubricant is continuously forced into the lantern at a pressure 

» The lubricant need at the date of thesedecture^ was glycerine, but Messrs Hall 
inform me tliat for some years past they hare substituted for glycerine a special oil 
with a low freezing point (about -20“ Fahr.) as this is more eflective and cheaper 
(1908). 
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higher than the highest pressure reached the carbonic acid. 
Consequently it is conttnuously leaking in small quantities into 
the cylinder through the inner,cup leather. A small quantity 
of the lubricant also leaks out through the outer cup leather; 
but this device secures that the leakage, shall be a leakage of the 
lubricating fluid, and not (mainly at lqpst») a leakage of carbonic 
acid. The oil is forced into the lantern by moans of a lubricator 
in tRe form of a diflbrential piston, on the smaller side of which is 
the lubricating fluid while the larger side is exposed to the fujl 
pressure of the g.TS. * 

[Metallic packing is now (1908) sometimes emj)loyed in car¬ 
bonic acid machines, and the results as regards reduction of 
leakage are good. It is claimed that the loss of the working 
substance is so small that a machine may be kept in constant , 
use for a year witjjout requiring to be recharged with gas, 
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but though fixcellent/esnlts have been obtained in some instances 
it appears 'that most users still prefer cup leathers.] 

The small volume of the cqppressing cylinder and of the 
working substance makes these machines exceptionally compact. 
A small carbonic acid machine by Messrs Hall for marine use is 
shown in section' in Figs. 37, 37 ct and 37 h. The steam-cylinder 
and the compressor are arranged veroically side by side on a casting 



containing the condenser coils. These are of copper, and behind 
is dUother tank containing the evaporator coils, over which a 
circulation of brine is maintained. At the side is a separator 
which serves to extract the lubricating oil from the compressed gas. 

In aTvmll carbonic ajpid inachinee the compnessor is made out of 
a gun-metal casting, but in larger forms it is bored out of a solid 
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in^ot of steel, cast-iron bem? unsuitable for this piirpos^, partly 
because of the difficutty of getting castings quite‘free hmi 
porosity and partly because it*v leas easy to get with them the 
perfect surface of bore necessary for a long life on the part of the 
piston, leathers. A single steel ingot jis cut in two to form two 
compressor cylinders, and thus She po(ous central portion of the 
ingot is avoided. * 



- Pig. 87 b. Plan. ^ 

In the larger machines a pair of compbessors are set horizon¬ 
tally, one in tandem with each of the oylindera df a horizontal 
compound steam-engine. In some the engine is triple, the Itigh 
and^Qtermediate cylinders being on one rod an^ the low on. the 
other. 

[The manufacture of carbonic acid machines, as an alternative 
type specially suitable fos marine Use, now been taken up by 
the Linde Company,* Messrs HaSlam, the Pulsometer Company and 
other engineers who also supply ammonia machines.] 
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Absence < of an Expansion Cylinder ih all practical types 

* of Vapour Compression Machines. 

In none of these machines is there an expansion cylinder. 
The thermodynamic g^n' which would be secured by its use 
would, as we saw, not bo very great. The theoretical advantage 
[as may be seen from the example worked out in Appendix F] is 
not inconsideiable in the case of (Jarbonic acid, especially when the 
temperature of the cooling water is high. But much of this 
advantage would be lost in practice through friction in the 
expansion cylinder, which would not only detract from the work 
recovered, but wohld also communicate heat to the working 
substance and so reduce the gaif, in refrigerating effect. Another 
point which affects the (question is this, that an expansion cylinder 
of the proper size for one pair of teinpcra*t.ures wov.ld not be 
suitable for other temperatures. The ratio of volumes swept 
through by the compressor piston on the one h.and, and by the 
exjiansion pistta on the other hand, would have to depend upon 
the particular jjiomporatures .of the refrigerator and the condenser. 
It would not be the same when these temperatures varied, and, con¬ 
sequently, in order to get the full advantage derivable from the use 
of an exjMinsion cylinder in a raachiijc liable to woi-k under various 
‘ conditions of temperature, it would be necessary to have some 
means of altering the J ektive speed of the expansion and the 
compressor pistons, and that, of course, would introduce very 
considerable additional mechanical complexity. Mr Windhauson 
tolls me that he has often urged on manufacturers to add an 
expansion cylinder, but if, is scarcely surprising that it is not done. 


Mixed Compression and Absorption Machine. 

In addition to the various tj'pes of machines which we have 
reviewed, there ij a curious compromise type of machine, midway, 
as it. were, between the absorption typo and the compression type. 
This is a machine which has been developed by Osenbriick. 
He employs what is essentially an absorption machine, but with 
the addition of a compressor cyfin&er, which inhales the vapour of 
the ammonia from tlTe refrigerator, and compresses it to a con¬ 
siderably highey pressure before it is absorbed. In' other words. 
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instead of having the pressure in the absorber equal^ to the 
pressure in the refrigerator, which is the usual arrangeftient in an 
absorption machine, Osenbriicls produces a step-up in pressure 
between the refrigerator and the absorber, the step-up being 
effected by the agency of a compressor cylinder. I have not heard 
whether this principle hiw found application; it seems not unlikely 
to share the fate which generally attends compromises. 



LEOTUilE V. 


Trials of Refrigerating Machines. 

We have endeavoured to compare the various types of machine 
from the standjwint of thermodynamic theory, but the conditions 
in real work are too complex to allow any theory to agree more' 
than approximately with the facts. For more exact knowledge of 
co-efficients of performance an appeal has to be made to experi¬ 
ment. Trials of refrigerating machines have been carried out, not 
in great numbers, but in several cases with all possible care, and 
have yielded data* of much valhe. In the most complete trials 
three quantities are observed—the work done, the heat absorbed, 
and the heat rejected. The work done is most directly determined 
by taking indicator diagrams from th'e compressor cylinder, just as 
a steam cylinder is indicated, but with one or two differences in 
points of detail. For example, in the ammonia machine the 
indicatcr should be entirely composed of iron or steel on account of 
the chemical action of .ammonia on brass, and further the connect¬ 
ing pipes which lead to the indicator ^cylinder itself should be 
considerably smaller than' they usually are in steam-engine work, 
in order not jto add unduly to the volumes of the clearance. The 
clearance is gener^ly so small in a compressor that unless this 
precaution is attended to the very act nf taking an indicator 
diagram will .alter materially the form of the diagram. , There is 
no serious difficulty in taking good indicator diagrams in ammonia 
machines, but carbonic acid confpressors are more awkward on 
account both of the smallness of the clearance and the greatness of 
the pressure. When it is impracticable to indicate the compressor 
a good idea of the work done in it may be gqt by indicating the 
steam-cylinder and allowing for the frictional loss in the engine 
and compressor., Best of all, however, is a direct measurement ^ 
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(when it can be made) of the power expanded in* driving the 
compressor—including Hot only the work spent in the compressor 
cylinder, but also the work 8pQi)t in overcoming friction. SiAsh'a 
measurement is possible when a transmission d 3 mamometer can be 
introduced between the compreMor and the source of power. In 
electrically driven plant a very close .estimate can generally be 
arrived at by measuring the electrical energy supplied to the motor 
and allowing for the motor’s efSciency in estimating how much of 
this is usefttlly transmitted. 

The second quantity to be measured in a systematic test is the 
heat which is given up in the condenser. For this purpose trials 
are best made with Submerged condensers, not with the (5pen-air 
evaporative condensers which are so largely used in ordinary work. 
With a submerged condenser, we measure the quantity of cooling 
water that is used tqid the amount by which its temperature rises. 
Suppose, further, that the machiqe is applied to the cooling 
brine or some other liquid. Then, in a precisely similar way we 
can measure the amount of heat which is taken up in the brine by 
causing it to circulate through the refrigerator an5 observing the 
quantity which circulates in a givbn time and tiie OKtent to which 
its temperature is lowered in passing through. To make the 
conditions steady in a trial the brine must in some way be warmed 
up again before it returns to* the refrigerator. The range of‘this 
alternate cooling and heating of the brinesieed not be wide, so that' 
the absorption of heat may take place nearly at one temperature. 
In the chief experiments which have been carried ouUsp^ially to 
test the performance of such machines, th? refrigerated brine has 
generally had its temperature raised by steam-heating—thftt is fb 
say, it has been ^moved from the refrigerator into a vessel where 
it has been subjected to the action of a coil of steam-pipes 
sufficient to raise its temperature through a few degrees, and then 
it has been put bac^ into the refrigerator, and so on, a con¬ 
tinuous (^ulation being kept up. 

/ % 

The Thermal Balance-Sheet or Heat Account. 

If all these observations are carried out, we have the data for 
drawing up a Ihermal balance-sheet fer the refrigerating machine. 
On one side is the amount of heat rejected,* Q,; on the other is the 
heat absorbed, Q*, together with the thermal q^i^valent of the 
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work done, If w? had a perfectly accurate measurement of all 
the heat rejected, and, again, of all ftie h&t absorbed, and all the 
worfe done, the two sides of thi} "account should balance. You 
never find them balance, and why ? Eecause, in the first place, 
heat is taken up from the surrounding atmosphere to an .extent 
which we have no means (jf directly measuring. The brine tank 
and the pipe leading from the refrigerator to the compressor, and 
so on, are at a temperature below that of the atmosphere, and 
however well they arc lagged with non-conducting material, we 
cannot avoid a leakage of lieat in from the outside. Then, again, 
in addition to the work done in the compi'cssor, as measured from 
the indicator diagram, there is a term which Inay be of considerable 
importance, especially in small machines—the work spent in 
overcoming the friction of the piston rings and gland ot the 
compressor cylinder. This work is given to tlio working substance" 
a* heat, and should form an item on that side of the. account on 
which are summed the heat ^absorbed by the substance and the 
work spent upon it. 

The discrepancy found in trials between the two sides of the 
account is of tlie kind these tonSlderations would lead us to cx|ject. 
The heat extracted from the brine, plus the heat-equivalent of the 
indicated work in the compressor, is less than the heat rejected 
to the condenser, by some 3 or 4 per cent, in the most careful 
' expeiiments. 


Trials by the Munich Commission. 

Ous experimental knowledge of the performance of refrigerating 
machines is mainly duo to the enterprise of the Polytechnic 
Society of Munich. More than 10 years ago that Society .‘entrusted 
a Commission with the task of undertaking trials. The first 
report of the Commission was issued in 1887^, the second report 
in'1890, and .there has ance been a third briefer and less detailed 
repdrt issued in 1893. The trials were condueted by Prof. Sohrdter, 
who.has had an unrivalled experience in such work; they were 
carried out in the most scientific spirit, and the results command 
the fullest possible confidence. The report of 1887 deals with 
a large number of different, types of refrigerating machines, which 

* VnUnuchnngen an KdUeiimchinen venchiedener Sytteme (Munich; B. Old- 
enboutg). 
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were tested while doing their ordinary commercial du|jy. Among 
them were ammonia alftorptihn machines, a vacuum jbsfirption 
machine using water and sulphuric acid, compression machiiuA of 
various types, and a Bell-Coloman air-machine. Then in the 1890 
report .resulta are given of tests which were made under what 
one may call more scientific conditions.^ In the interval between 
those two reports the Commission established, at the instigation of 
Prof; Linde, a testing station supplied with every requisite for 
canying ouUtrials in the most (fcmplete manner. It invited the 
various makers of refrigerating machines to send their machines 
for trial, and tests were \iiade on two machines, namely, a Linde 
machine using ammonia, and a Pictet machine using sulishurous 
acid. The report of 1893 gives the results of'further trials made 
with ^another Linde machine erftbodying all the most recent 
improvements. In Fig. 38 the chief results of thc.se trials of 
vapour coiftpression machines arc ^aphically set forth, namely, 
tho.se in the report of 1890, where a Linde machine and a Pictet 
machine were tested; and those in the report of 1893, where an 
improved Linde machine was tested. The culvcs haVe been drawn 
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to show the co-efficient of performance when thiS brine had vq^ious 
temperatures. The brine was alternately refrigemted and re-heatgd 
by steam,* through 3° C., or approximately 5° Fahr.,"tut its mean 
teynerature is taken in drawing the curves. Observe that the 
ammonia machine was somewhat better than the sulphurous 
acid machine in the trials of 1890. This is what we should expect 
from the theoretical considerations already discussed. Further, in 
the trials of 1893, Various small improvements brought about a 
still higher* performance. The results then obtained represent 
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what we nj,ay call the high-water mark of refrigeration, so far, 
at leai^t, definite tests have beeit made. It is tme that these 
experiments were made with a comparatively small machine, one 
taking only about 16 horse-power to drive it, and no doubt better 
results might be obtained with a larger machine, for in refrigerat¬ 
ing machines, as in stegim-enginfes, increased power and size give, 
within limits, increased efeiency by making the incidental losses 
due to friction and conduction form a smaller fraction of the AVhole 
effect. It is a remarkable fact that the performance,is so good in 
a machine of so moderatc<a size. 

The following Table (p. 107) gives,a summaiy of the results 
got in,Prof. Schroter’s final trials of a “ 12-<;on ice-making” Linde 
machine, driven by a single cylinder steam-engine, which was 
doing about 16 indicated horse-power. The condensing wato was 
supplied at 10° C. and heated to 20’ C. in going throu^ the 
condenser. The figures relate to four trials, with various brine 
temperatures, the interval of temperature through which the brine 
was cooled being 3° C. in each case. 

The heat account for one of the trials (the third) is subjoined, 
the quantities) all, being statcdiin British thermal units per lb. of 
feed siipplied to the boiler. 


Thermal 

Thermal 

** 

Units 

1 , 

Units 

Units of heat rejected to 


Units of heat extracted from 


cooling water in oondens^ 

, 702 

brine .. 

560 



Heat equivalent to indicated 




work in tho compressor ... 

113 




‘ 678 



Balance unaccounted for (bo- 




ing 3-4% of tho whole). ... 

24 


— 




702 j 


702 


• It will be- sa'cn that the effective indicated work in the 
compressor is from 85 to 90 per cent, of that/of the steam 
cylinders—a lar^ proportion. The last two lines in the Table 
make it possible to compare these performance with those of 
absorption machine, where heat is directly applied to produce 
cold. They give the amqunt 6f the refrigerating effect on the 
brine per lb. of steam'supplied to the engine, and also the ratio of 
the refrigerating effet Q, to the heat Q supplied in the steam. 
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CompsCrison of performance lOf Vapour Compression 
t ' Machines with other types. 

f 

We saw (p. 68) that Professor Denton, in his trials of an ammonia 

absorption machine, obtained a heat ratio ^ of only 0’26, and this 

is the highest figure for such mixchines of which there is any 
record. Professor Schriiter, in the earlier report of the Munich 
Commission, made some trials of absorption machines,•but obtained 
somewhat less favourable^ results. Compare this result with the 
figures given here for a compression machine. Against the 0’2C 

of the absorption machine we have about 0'6 the ratio of 

under like conditions as to temperature, for the conditions in the 
absorption machine trials came about'midw/iy between those of 
the second and third tests in the Table. It may bo concluded, so 
far as wo have definite data, that a good compression machine may 
extract from 2J to 3 times as much heat as a good absorption 
machine, both being supplied with equal amounts of heat (in 
steam), and both yrorking between the sirme limits of temperature. 

Again, if we compare these figures with those relating to air 
machines of the Bcll-Coleman or other types, we find the co¬ 
efficient of performance of the ammonia compression machine to be 
about six times as great as that of the.air machine, I pointed out 
(pp. 36, 4![) that Ifirk’s regenerative air machine had a co-efficient 
of nearly ope, but that the co-efficient in the Bell-Coleman type was 
more generally 0'6 or 07. This is in cold storage uses, when the 
brine .temperature (if brine wera used) would be about 16°‘Fahr. 
The co-efficient in these 'Linde trials for this brine temperature is 
between five and six, or if wo take the indicated work in the 
steam cylincler as the datum of comparison, it is about four or five. 
That, in round numbei^, is about six times as good as anything 
obtained with‘an 'air iftachine under the actual conditions of cold 
storage. 

•• t 

' Oomparison with Ideal Performance. 

It is further interesting to compare these figures with the 
calculated performance of, ideal machines. Take as an example 
the second experiment'''in the Table on p. 107. The ideal value of 
the co-efficient qf performance of an ammonia refrigerating machine ^ 
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following that cycle, but without any losses other than those which 
are absolutely intrinsic In th8 cycle (due to the absepce’of an 
expansion cylinder), would be 10;2; the actual co-efficient is 7‘2. tfn 
other words, the machine as actually tested has an efficiency which 
is fullj»70 per cent, of the ideal efficiency of the process. By the 
ideal efficiency, I mean the effihiency of, the compression cycle 
working between the same liihits of temperature with adiabatic 
compression and without any incidental losses. It is a very remark¬ 
able fact that the real machine shduld be able to achieve 70 per cent, 
of the efficiency of an ideal machine. If we turn to the steam- 
engine, wo find in general,that the proportion between the real per¬ 
formance and the ideal performance is not so good as this„and if 
we turn to any other fonn of refrigerating macKine, the absorption 
type or the air machine, we find thht the real performance is a very 
much smaller fraction of the ideal. One may say that a strong ‘ 
point to th8a;redit of the ordinary compression type of refrigerating 
machine is that it is able in practice to approximate nearly to its 
own ideal as well as having an ideal not far short of the perfect 
Carnot ideal. If we compare the experiinenfally-foflnd co-efficient 
of performance with the ideal of‘the Carnot tycle^ we find that 
with the same limits of temperature the actual performance comes 
to over C8 per cent, of that perfect standard. There is, therefore, 
no very great margin for improvement in the performance of such 
a machine. The real performance must fall short of the ideal for» 
reasons which have already been suggosftdd. There is loss through 
conduction of heat from outside to cold paits of the machine. 
There arc losses due to the friction in the cylinder, and there is the 
loss which proceeds from exchanges of heat between the workir.g 
substance and the metallic surfiice with which it is broijght in 
contact, during compression. This is an action like that which 
steam engineers fully recognise now-a-days as occurting between 
the steam in an engine and the cylinder walls.* The exchanges of 
heat there result in a diminished efficiency of perfermance, and,in 
the same way the general effect of the exchanges in *a refrigesating 
rar..,.hine is to take something away from th*c performance as 
calculated from an adiabatic process. 

Further Data from Trials. 

In addition to tlese imporfant results published by the Munich 
Commission, certain other, data are available, which are in general 
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acco'rdance^with them. Professor Denton has published in voL 12 
of the'“Transactions of the American Sodiety of Engineers” a test 
of^a much larger ammonia compression machine, made by the 
Consolidated Ice Company, working with a process of dry com¬ 
pression, and, therefore, differing in this detail from the Linde 
process. He found a, co-eflScieht of performance which comes 
between the Linde results of 1890 'and those of 1893. This bears 
opt the remark made in discussing wet and dry compression to 
the effect that from the theoretical side it does not much matter 
whether the process is cenducted in the Linde manner with wet 
ammonia, which remains saturated during compression, or with 
dry ammonia, which becomes superheated'. I said that the dry 
process was theoretically a little less efficient than the wet, and 
Professor Denton’s, tests, although made with a larger machine 
than either of the machines used in those tpsts, did in feet give 
a result somewhat inferior to the best tests obtained with the 
smaller Linde machine. 


Tests of a Small Ammonia Machine. 

* t 

Thlough the kindness of Mr Lightfoot, I have been able to 
make some tests in the Engineering Laboratory at Cambridge 
with a small ammonia compression, machine of the Linde type. 
No results seem to have been published hitherto fpr a quite small 
ammonia compression nVathine. In this case the machine took 
only about 1^ horse-power; it is nearly the smallest machine 
made % the Linde Company. The trials were carried out in 
9, maimer very similar to Professor Schrdter’s, except in one 
particular where the procedure was novel. The brine, instead of 
being taken out of the refrigerating tank, heated, and eput back 
again, was Continuously heated while it was in the refrigerating 
tank^by electric ilieans: A number of cans in the brine tank, 
which usually serve for ice-making, were partly filled with frames 
conteining incandescent electric lamps. These cans were im¬ 
mersed, in the brine, and were festened down by the non¬ 
conducting cover of the tank. The lamps, when excited by the 
electric current, heated the brine, and the current was adjusted so 
that the heating by the electric Ikm'ps exactly balanced the cooling 
by the refrigerating maohine. Thel-e was no practical difficulty in 
adjusting the electric current to keep the temperaturenf the brine 
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steady, and when such a state of balance was, arrived .^it then the 
amperes and volts of tte current showed how much* heat was 
being given to and taken fronr^he brine. The method has ^he 
advantage of allowing a trial to be made in a very short space of 
time. ‘A sensitive electric thermometer, consisting of a coil of 
wire whose resistance was conlinuoujly* measured, was spread 
about through the brine tank, and served to show at once any 
small variation of temperature. The results show that in a small 
machine of ^ihis kind with a brine temperature of 23° Fahr. the 
co-efficient of performance was 3'2, wheleas with the same brine 
temperature the co-efficient ranges from 5 to nearly 7 in the larger 
machines tested at Mhnich. The difference is to be explained by 
the fact that this is so much smaller a machine. The compressor 
horse-power was only about 1^, and friction ^played a relatively 
large part. We can no more expect, to realise a good approach 
to the ideal in a small refngerating machine than we can expect 
a steam-engine of two or three hoise-power to give figures repre¬ 
sentative of the efficiency of a large engine. For so small a 
machine it is an excellent performance to obtain, with brine at 
a temperature of 23°, an amount'of cooling which* is more than 
three times the amount of the work expended in driving the 
machine. The heat account in these trials shows a relatively 
large unaccounted-for balance, and that again is what thdbry 
would lead us ,to expect. , 

Trials using Carbonic Aold. 

Turning next to tests of the carbonic acid machines, we find' 
a comparative paucity of ‘data There are not by any means the 
same number of figures available as to the performance of carbonic 
acid machines. Mr Windhausen has been kind enough to send me 
particulars of early experiments made by him irfainly to deteixnine 
whether carbonic aci3 was capable of deting effectively wiUi 
comparatively high temperatures of condensing water* The experi- 
mg.^|S gave satis&ctory assuranse as to this point. Mr liesketh, 
in his paper read before the British Association in 1895, givra the 
results of a nmnber. of tests made by Messrs Biedinger, German 
manufacturers *of the Wipdhausefi type of carbonic acid machine. 
For the purpose 8f making's comparison between the heat 
extracted and the work expended in carbonic acid machines, data 
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are to be found in,an important paper by Dr Linde, who has 
carried owt a series of tests making a difect comparison between 
an ^ammonia machine and a cayfeonic acid machine when both 
were working under as nearly as possible the same conditions’. 
He found when the temiicrature in the condenser was 72* Fahr,, 
and the temperature of. thp brini was the same in both cases, viz., 
about 15° Fahr., that the co-effieient of performance in the caibonio 
acid machine was 82 per cent, of the co-efficient of performance 
in the ammonia machine, and tfiat when the temperature in the 
condenser was raised to 95° Fahr., so as to bo above the critical 
temperature of carbonic acid, then the co-efficient of performance 
was just 50 per cent, of that of the ammonia machine working 
between the same limits of temperature. Now, the relative 
efficiency of the two, as given by these figures, agrees remarkably 
well with what theory would lead us to expgct. Professor Linde 
further found that if he artificially cooled the condensed liquid 
before allowing it to pass through the regulating valve until its 
temperature was lowered to that of the refrigerator itself, then he 
got substantially the same amount of refrigeration whether ho 
used ammonia or, carbonic acid. That, again, is the conclusion 
to which theory points. The difference in efficiency in the two 
substances is chiefly duo to the different amounts of heat which 
the“ two liquids contain when they leave the condenser. If we 
could prevent either substance from canying any heat into the 
refrigerator in passing tlie regulating valve, there would be no 
difference .between the two in the efficiency of their working. 
Under the ordinary conditions of working, we do not and cannot 
prevent this conveyance of heat, and then there is a difference 
which is comparatively small so long as the condenser temperature 
is low, but becomes large, reaching something like 50«per cent., 
under tropical conditions of condenser temperature. 

.« » • 

Other Ways of stating Performance. 

An- alternative mode which might be followed in stating the 
efficiency of refrigerating machines is to give instead of the co¬ 
efficient of performance the number of thcrmal units of refrigerating 
effect per horse-power hour. To" gfit thiafigure in British units it 

^ Zeitschrift /Ur die geBammte KUlte-Industrie, 28 Jan. 1895, or ZeiUchrift dee 
Vereine deutscher Iggenieurtf 2 Feb. 1895. ^ 



OSES OF MECHANICAL REFRIGERATION ♦ 


113 


is only necessary to multijply the co-efficient of pcrforroasce by 2545. 
Frequently the performance of machines is expressed with refereace 
to ice-making. If yon take 1 ’(Jb. of ice as requiring about ^00 
thermal units for its production-:-that is to say, 142 thermal units 
for the actual process of freezing, and the extra 58 or so for the 
preliminary cooling of the water and jbi'»the cooling of the ice 
below the temperature of freezing—you will find that the best 
results which are stated here correspond to a production of about 
15 lbs, of ic* per lb. of coal user?. From 15 lbs. to 20 lbs. of ice 
per lb. of coal is the largest return that'can bo looked for in view 
of the results of the Munich experiments. 

I have been interdlsted to hear from Mr Lightfoot thatrin the 
Linde ice-making factory at Hull, they are actually able to obtain 
15 tons of ice by the consumption of one too of coal. This, it 
should be added, is pnder*conditions Jihat are more favourable to 
economy ot. power than hold in ,most eases. Generally it ft 
required to produce clear, transparent ice, and the water has to be 
distilled, and also to be stirred during the freezing This is not 
necessaiy at Hull, for the ice made there is in the form of opaque 
blocks which arc used in preserving fish. Whoi\ it k necessaiy to 
make the ice transparent the output per ton of coal will not be 
so large. 

[Mr Lightfoot informs mo in 1908 that in an ice factory* at 
Milford, where Linde plapt is employed, making 48 tons of ice 
a day the output in regular work is 18 tohs of ipe per tpn of coal. 
This is probably the best result that has been obtained with 
a steam-driven plant.] 

Uses of Mechanical Refiageration. 

I pasii now to speak briefly of the various uses to which 
mechanical refrigeration is put. Perhaps the best iSdication of 
the extent and variety of these uses rna^ be given by quoting 
from a statement issued by the Linde Comjpany regarding the use 
to which 2600 of their machines have been put. Out of tllDse 
26Qf.-4t appears that 1406 are ^employed in breweries, 403 are 
employed in cooling land stores for meat and provisions, 204^are 
employed in cooling ships’ holds for the purpose of transporting 
meat and provisions, 220 are enfpldyed ip ice-making, 73 in dairies 
for butter-making, ^4 in chemftal factories,* 17 in sugar-refining 
15 in candle«iaking, and 198 for “ various purposes.” It appears 

B. n. 8 
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on analysis,that thcj;“ various purposes” include chocolate manu¬ 
facture, glue-cooling, nxbbor-coolingf, skating rinks, manufacture of 
dyhamite and cordite, manufactivre of gelatine plates for photo¬ 
graphy, the keeping cool of the eggs of the silkworm until the 
mulberry leaves are ripe, and also such special uses as that which is 
known as the Poctsch process of milking shafts. This is a peculiar 
and interesting application of refrigeration which may be noticed 
in passing. When a shaft such as a coal mine shaft has 
to be sunk through water-bearing strata, particiilwly through 
quicksands, one of the iliost convenient ways of doing it is to 
refrigerate the circumference of the shaft, and thus keep out the 
water <by maintaining a hard frozen shell round the jiortion which 
is being excavated. A similar process was successfully used in 
1885, by Captain Xjindmark, of the Swedish Royal Engineers, in 
the construction of a tunnel at Stockholm. 

< 

Uses in Brewing. 

The use in' brewing has been the sheet anchor of the mechanical 
refrigerating jndustry. It. has‘employed probably more than half 
of all the refrigerating machines that have been built. In British 
breweries mechanical refrigeration is principally employed forcooling 
the wort through the medium of what is known as the Baudelot 
cooler; the wort is made to trickle over a series of pipes through 
which cold water, is being circulated, this water having been 
previously. cooled by means of a refrigerating machine. In 
exceptional cases the cooling of the wort is directly performed by 
"•lotting it trickle over a stack of iron pipes in which ammonia is 
evaporated, instead of using cold water' as an intermediate agent. 
On the continent of Europe, and in Ameiica, whore lager beer is 
brewed, and a lower temperature is needed in the various processes 
of b-ewing, fermenting, and so on, wo find refrigeration applied to 
a greater niimber of puqioses than is usual in English breweries. 
It iv used not only in the Baudelot coolers for the wort, but also 
in-.the?so-called "‘swimmers” in the fermenting v.ats, and also for 
keeping the beer cool in the cellars. In small breweries ammonia 
absorption machines are not uncommon, but where the work is to 
be done,on a large scale the comprossioiumachine fs preferred, and 
generally the tendency is. for the compression process to oust the 
absorption process. 
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Transporteihon Isd Storage of Meat. 

• 

Next to brewing, the largest ule to which refrigerating machines 
are pi^t is the cooling of air for the purpose of storing and 
transporting meat and other provisions. * ^^’he freezing of beef and 
mntten for cold storage is accomplished by cooling the atmosphere 
in which the carcases are hung, and continued exposure to a cold 
atmosphere jp all that is neccss.ary to preserve them. When meat 
is. cooled down to a temperature approximately equal to, or below, 
the temperature at whicl^ water freezes, the ordinary processes of 
decay and decomposition are completely arrested. I undirstand 
bacteriologists to say th.at the septic germs m.ay still be present and 
alive, but they arc quiescent. Th5y .are hiberoating as it were— 
aot killed. Indeed, accoiTiing to Prof. Dewar, you may expose 
germs to tlfq vastly lower temperature of liquid air, and find them 
still alive when they are thawed. In any case it is certain that 
a moderate degree of cold serves to prevent or arrest the decom¬ 
position in meat, so that it may be kept in a cold .atmospherfe for 
any length of time without lo.ss «f freshness. jSinije 1879, when 
the first small experimental cargo of frozen meat was brought 
from the Antipodes, the trade has grown to immense proportions. 

There is not only an immense quantity of frozen • mutton 
brought from Australia, frqm New Zealand, .and from the River 
Plate, as well as much frozen beef Th8i^ is al^ a largp importa¬ 
tion from America of what is called "chilled” beef w^cl^means 
beef not actually frozen h.ard, but kept at a tqpnperature low 
enough to prevent decomposition for a time. Beef or* qjuttoif 
brought through the tropics is frozen hard before shipment, and 
is kept frozen during the voyage. But this is not found to be 
necessary when only the Atlantic is to be crossed. It Is enough in 
that case to reduce the carcases to a tempeS’atuit approximating to 
82°, but not so low as to freeze the interioif and*befif jihus treated 
is said to lie chilled, to distinguish it from the frozen beef which 
cov-yi from Australasia or fromstho River "Plate. The trade in 
frozen muttem gives employment to a great fleet of ships of laige 
tonnage, whose holds are kept at a temperature of something like 
•20° Fahr. during the voyage. Ill order tjp prepare beef for a voyage 
of this-sort the carcases are suWleoted to a temperature for several 
days of from *10° to 16° Fahr. 


8—2 
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The diagram, Fig. 89, shows observations taken by MrLightfoot 
during the freezing of beef by subjfetingit to a temperature which 
is’Indicated by the lowest of the curves, the temperature of the 
room in this case being approximately 10° Fahr. The temperature 
of the beef was at first 55°, it fell during the first 24 hour^ to 32°, 

'■ .. 

Dtff. Fattf. • 



then continued to fall slowly to 30°, and remained for more 
than 24 hours at that temperature, showing that the freezing 
was then going on. After that it resumed its fall, as the sub¬ 
stance had then become eompletcly frozen. It appears from this 
curve iihatithe freezing point of beef is something like 30°, and that 
the freezing pi'o])er of a piece about 12 in. thick takes two or three 
days when the atmosphere in which it hangs is at about 10° Fahr. 

Cold Stores. 

The development of this trade has led to the creation of a large 
number of cold stores ibr the reception of the beef when it arrives, 
in addition to the freezing chambers into which it has to be put 
before it is shipped.* One of the largest of the numerous cold 
stores in London is that of the Victoria Docks, which is made up 
of three separate box-shaped buildings of two storeys, covered by a 
roof with large projection^, which cut off the walls effectually from 
the sun’s rays. The looms themselves are, as in all such stores, 
insulated by a considerable thickness of non-conducting material. 
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Each of the three stores has its engine and r^frigeratiag raacnine 
in the middle, and the pfant i8*especially interesting as » survival 
of the application of the air proce^. The machines are of the B^ll- 
Coleman tjrpe, by Messrs Haslam; they take up approximately 
200, 200 and 300 horse-power. It is safe to say that this type of 
refrigerating machine is one not* likely* te be introduced in the 
future into any large stores on land, not because it does not do its 
work thoroughly well, but it takes a needlessly large amount of 
power to do it * 

• Fig. 40 gives a sectional view of another great cold store, the 
largest single building of the kind in London. It is the store at 
Nelson’s Wharf designed by Sir Frederick Bramyell and Mr Harris, 
and refrigerated by a pair of ammonia compression machines of the 
De la Vergne type. One adminible feature about the design of this 
Store is that it has np openings except at the top. The process of 
introducing*and removing the frozeji carcases is perfonned through 
openings upon the lop floor, where thp cranes appear in the sketch. 
The store proper consists of the five storeys below this floor, three 
of these-sWcys being above the neighbouring ground lovel,*and 
the other two under it. The eeld tooais are in ^1 45 ft. deep, and 
about 150 ft. by 150 ft. in plan, and give a storage .space ot some 
700,000 sq. ft. They are thoroughly insulated by non-conducting 
material all round the sides, under the lowest floor, and ever the 
ceiling floor. Tlhis arrangement has been adopted in recognition 
of the fact that the most convenient -wk^oi kqpping a.store cold 
is to make it a well of still air. The air in its cold stqfe i| some¬ 
thing like 1-I2th heavier than an equal volupie of atmospheric air, 
and, consequently, if there are any openings near the bottqpi, ai? 
would stream out just as a heavy liquid streams out of a holamade 
in the side of a cistern. In this case the cold air is kept in by the 
simple expedient of having no openings whatever,* except the 
openings at the top. The frozen carcaseif are brought alongside 
in barges,, and are raised to the top floor b^ ingSniJua mechanical 
ladders, in the form of endless chains, on the moving rungs of w4iich 
thc'>iheep are placed. From th^top floor they are dropped down 
into the various chambers’. In this store the refrigeration is 
performed by the direct expansion of ammonia without using brine. 

1 The cold storee aUthe vlotoria Qooke, as %ell aa several other oold atorea 
in London, are described in a paper by Mr H. F, fionaldson, published in the 
Minutes of FtiJaeedings of the Institntion of Civil Engineers, Feb, 9, 1897. 
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Each storey is cooled by a network of ammonia j)ipes anjinged ^long 
the ceiling. 

At the time the machinery, for this store was arranged, con¬ 
fidence in the system of direct refrigeration by ammonia was not 
so great as it is now, and a supplaracntary plant was placed in the 
engine-room, viz., a hu-ge cold £tir inaAipe of the Bcll-Colemmi 
type*by Messrs Haslam. The air cfiicts connected with, that 
uiacTiine appear in the drawing at the bottom of the building. I 
understand ihat the cold air rafichino is not now used. It has 
been found that there is no need to maintain a circulation throu^ 
these chambers; the still,cold air produced by the ammonia pipes 
answers the jiui-jmse "well in this particular case. Here oothing 
is brought in except carcases which have already been frozen 
hard. The conditions, therefore,* are very 4ilfercnt from those 
which hold in a stoiv whfiro provisions are jilaced in a soft state. 
Where thrfl, is the ciise there is an aiTvantag*! in having the air in 
circulation, especially when provisions are liable occasionally to 
enter in a state of incijiient decay. In such cases, a movement of 
the air i* good, but it is easily accomplished without resorting to 
an air machine for refrigeration. tAs to the advantj,ge ill point of 
efficiency of an ammonia machine, the contrast is sufficientlybbvious 
when you considei' that in the Victoria Hock Stores, and in those 
stores of Nelson’s, there is practically the .same capacity foacarcascs. 
The size of thp two is alpiost identical. In the Victoria Dock* 
Stores there arc three air machines,*inquiring an aggi-ogate of 
about 700 horae-power. In this store, of Nelson’s, as I ^w it, a 
single ammonia machine, working at 30 or 35 ^orso-power, was 
performing the whole of the refrigeration. It should be added that 
part of this difference is due to the design of the stores, aijd part 
to the economy which comes of using ammonia as the working 
substance. Now, this economy in power may be retained along 
with the condition of circulation of air, and in*a great numlior of 
cold stores this is actually done. 

Cooling of air by ^irecL coniacii wiin com orill^ 

Among plans followed by the Linde Company in the refrigera- ^ 
tion of other stores, wd also *on board ship, the device has 
been used of causidg the ammibnia to expand in a coil contained 
in a brine tank, in which there are revolving drums, the surfiices 
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of wfiich project into the air above. Over these a current of air is 
maintained by a fan; air, namely, which cchnes out of the store, and 
goes back to it again after being cooled by passing over the drums. 
In other examples, instead of drums, a large number of revolving 
circular discs are arranged side by side parallel to one another on 
an axis, dipping into thq bVine tahk, and bringing up their cold wet 
surfaces for the air to blow over. In the most recent exaixples, 
Mr Lightfoot employs a still simpler arrangement. There ‘is a 
stack of pipes in which the ammonia is being expanded. Over 
that stack a drip of brine is playing, and between the rows of pipes 
there are plates, so that the chilled briije which splashes off the 
pipes wets the surface of the plates. The ah’ is blown through a 
chamber containing this stack of pipes and plates. It is, therefore, 
brought into intimate contact, nbt only with the wet surface of the 
pipes on which the brine is jslaying, buff also with the wet surface* 
of the plates, and thus the air meets a large surface operating to 
chill it. All these an\angements have an indirect advantage in 
this respect, that not only do they bring the .air into very intimate 
contact indoed'with the cold m.aterial, and lower the teifiperaturc 
nearly to the IfJwe^t point reached by the ammonia, but, further, 
that they clean the air. When the .air comes in contact with cold 
wet surfaces it deposits moisture, because the wet surfaces arc 
cooler than the air itself, and it also lends to deposit any germs or 
•other impurities which may be suspended in it., The brine is 
found to exert a purifying (?ftect on the air, which goes back to the 
chambey to_^ a certain extent filtered, deodorised, and disinfected. 
It may be add^d that the plan of bringing the air into direct 
iSmtactj with the cold brine docs not, as might perhaps be supposed, 
tend to make the atmosphere of the sto're damp, for though it is 
saturated at the very low temperature of the brine the amount of 
moisture which it then contains is so small that at the higher 
temperature of th<5' stortj it is far from satoration. 

Heat Insulation of Cold Booms. 

We shall see later that the most" effective way to stop the 
passage of heat into a chamber is to surround it with a space 
empty of all matter; in th%t case iris only by radiation that heat 
can enter at all. But this is impracticable in the case of a cold 
store. In air, or for the matter of that in any gas, the conduction 
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of heat goes on very slowly, and if we could^have an^air spa^ in 
which the air was perfectly %till it would form an,admirable 
insulating wall. Convection currents are, however, set up in any 
wall of air enclosed so as to fonn the lining of a cold room. 
Suppose we. have such an air space, enclosed between layers of 
match-boarding; the inner lay6r sepir^ting it from the cold 
atmosphere of the store while the outer layer separates it.from 
the external wall. That portion of the enclosed air which is in 
contact with.the cold inner woodwork will continually be streaming 
dswn, while that portion which is in Siontact with the warmer 
outer surface will continually be streaming up, and thus a circula¬ 
tion will be maintained which stirs the air, and in groat iseasure 
destroys its value as an insulator of heat, by making convection 
accomplish the transfer which conduction proper would not do. 
•A much improved effect i^ obtained when the air space is divided 
up by meaAs of intermediate partitions. And an effective way *o 
keep the air nearly still is to pack the space more or less closely 
with some finely divided material such as flake charcoal or 
granulatdff cork or silicate cotton—the spongy fibrous product 
formed by making a powerful steam-jet act on stream of molten 
slag. Such a material is in itself a worse insulator than *air, but 
its action is like that of a multitude of partitions placed 
exceedingly close together. The whole space is still largely filled 
with air, in the,pores of the charcoal or of the silicate cotton, but • 
by being entangled in the pores the aii*c9,nnot firculate in convec¬ 
tion currents. The function of the porous packing is to ^eep the 
air still. But to act effectively the material mus4 itself be a poor 
conductor of heat in the solid or closely grained states ^se tbft 
advantage which it secures by preventing movement of Ahe air 
will be counterbalanced by the conduction that takes place through 
its own substance’. A point of great practical imjlbrtance is to 
keep the air spaces and the insulating padking'dry: any moisture 
tends, no. doubt by alternate evaporation'and‘dejioiiit, to impair 
the efficiency of the insulation. The enclosing jjartitions aremften 
dfciJi in double layers of match*boarding with waterproofed paper 
between. A common arrangement is to make them enclose a 
space six inches wide which is filled with silicate cotton, charcoal 

‘ r ot npsiiiueniB oS the thermal Insulation eecuaed by various materials see a 
paper by latmh and Wilson in the PioeeedHit/s oj the Royal Society for 1899, p. 283. 
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or other porous insulator. In American practice the porous 
inaterifll iy sometimes dispensed ttith fSid a series of parallel 
partitions with narrow air spaces, between are used instead. 

Cold jStora^ in Ships. 

0.1 boai’d ship the considerations governing the selcctisn of 
refrigerating plant are, of course, diifcrent in several ways from 
those that apj)ly on land. There the ammonia njachine, the 
carbonic acid machine, and the cold air machine all, to a certain 
extent, maintain their position as rival^. No one of them can 
fairly cjaim to have displaced the others. Each has distinct merits 
from the point of view of the sujierintcndiug engineer of a line of 
steam ships. The arlvantage of* dispensing with the use of what 
he would probably call chemicals may k.ad him to prefer the air* 
machine in eases where economy of coal is a secondary cojlsirloration. 
If he wishes to secure the greatest economy of coal he will prefer 
ammonia. If ho has to place the refrigerating plant in the 
engine-room, lie will' be afraid of the possible escape of a 
substanc6 whiph would be, at <all events, disagreeable and em- 
barrassilig if it cscajtod there, and his choice is more likely to 
fall on carbonic acid. When the machine can be separately housed 
in a»part.of the ship where any escaping fumes would not cause 
serious inconvenience, ammonia machines are suitable. In the 
engine-room however an rtimnonia machine would bo out of place; 
for such a situation as that a carbonic acid machine would bo 
open to far less^ objection. Even a large volume of carbonic acid 
gus may be allowed to escape into im engine-room or other such 
confined space with comparative impunity' whereas a serious leakage 
of ammonia Avould make it untenable. [The Board of Trade h.-tve 
now made a iSile that when ammonia machines are used on board 
ship they must he'enclctscd in a separate compartment. Hence 
fo» small plants sifeh ak arc wanted to keep provisions fresh in 
passei'ger steamei's ciubonic acid machines, which may be placed 
in the engine-room or in any convenient place, are now almost ex¬ 
clusively used. But in cargo steamers' engaged in the fi-ozen or 
chilled meat trade ammonia machines are often found, the separate 
compartment in which they are 'housed being generally on deck. ^ 
Thus with one or two texooptions fhe vessels employed to bring 
chilled or frozen meat from the River Plate are fitted with 



USES OF MECHANICAL BEFRIqAiATION 


m 

ammonia machines, and some of the Ingest njpat-carrying 
companies in the Australian* and New Zealand tnwte also use 
nothing but ammonia.] 


Defrqsting.| 

. • 

The quality of frozen beef, from the consumer’s point of 
view, depends a good deal on how it has been thawed. At 
Nelson’s Wharf an ingenious arrtingcment has been introduced for 
the purpose of what is technieally caHcd “ defrosting ” the befef. 
The beef to be thawed,is hung in a special chamber, where a 
circulation of air is nSaintained over cold pijjcs, on which (^.deposit 
of moisture tabes place, and then over warm pipes, by which the 
temperature of the air is raised before it agaijj conies into contact 
* with the beef. In this why the beef is subjected to an atmosphere 
which is ufann enough to produce the desired thawing, and yet,»at 
the same time, is dry, and is maintained dry, notwithstanding the 
amount of moisture it takes up from the beef itself. Thu object 
is to keej) the dew point of the atmosphere h'wer th*an the teiapbran 
time of the surface of the beefj andiconsequeutly to prevent moisture 
from being deposited upon the surface. In the ordinary‘thawing 
of beef by simply hanging it in a natural warm atmosphere, a 
deposit of moisture takes place which deteriorates the quality. 
This is prevented by regjilating the temperature of the air in* 
relation to its dryness. In Nelson’s defri&ting process it is kept dry 
by being made to give up its moisture to the cold pipes, before it is 
warmed by the hot pipes to the temperature prqper for thawing. 

Pish and Fruit. 

Mechanical refrigeration is applied to a limited, l5ut increasing, 
extent in the importation of frozen fislf. Tfawlcrs are iq some 
cases supplied with refrigerating plant, hnd Thc'fifh when they 
are caught arc plunged alive into cold brine, which freeze* them 
stSii. More commonly trawlers are suppliecf with ica for the 
preservation of their catcB. [Trawlers that go far afield for their 
catch carry refrigerating machines which keep the holds cold by, 
^ circulation of air, buk at ft t’empeyaturc not low enough to 
freeze the fish.] Sefrigerated*fruit is imperted from Tasmania and 
Jamaica, n«t at a temperature sufficient to fieeze it. but at fiO° or 
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56° Ffthr., wlyoh is fovynd to be low enough to prevent decay, without 
unduly 'drying the fruit or injuring ifs flavdur. As a tour de force 
Sowers have even been brought from the Antipodes, enclosed within 
blocks of ice, and retaining, apparently, their original bloom. 


' Ice-Making. 

In the application of mechanical refrigeration to ice-making, 
two general methods arc cmployiJd, the can system, and the cell 
system. In both cases brine forms, as a rule, the medium by which- 
heat is carried from the water to be frozen to the refrigerating 
agent. ,The broad distinction in the two m^hods is, that in the 
can system the water is enclosed in a number of cans or moulds 
which ai'e immersed, in an open' brine tank, whereas in the cell 
system the brine is enclosed within a nulhber of hollow w’alls, and 
between these are open spujes filled with the water to, "be frozen 
In both cases, in onler to produce clear ice, the water has to be 
agitated during the freezing Under ordinary conditions water 
contains a considerable quantity of air dissolved in it; and as the 
temperathre is .lowered, and the water is frozen, this air is given out. 
If the whter is at rest, and especially if the freezing goes on rapidly, 
the bubbles of air get caught find frozen into the mass, with the 
result that the ice is opaque. This may be partly prevented by 
having the water distilled in the first instance to, get rid of all 
foreign matter, including Aif; and even if the water is not distilled, 
the opacity can, to a great extent, be avoided by keejjing the water 
in movement wfiile it freezes. To get the clearest possible ice, 
b«.th precs'.utions are sometimes taken ; the water is both distilled 
and agitated. » 

One of the most approved methods of keeping the v/ater in 
ice cans moving is illustrated in Fig. 41. The action hero is 
pneun;iatic; the recfprocifting motion of the air-pump piston causes 
a portion of the'wafer iri each can to be alternately sucked up into 
a small reservoir on the branch pipe dipping into the can, and 
returned to the can. In other cases mechanical stirrers are used 
which are lifted out when the freezing of the block approaches 
completion. The ice-crystals grow from the sides of the mould 
inwards, and the direction of their gvowthds marked by the form 
taken by the imprisoned air-bubbles, which are found to some 
extent even in comparatively clear ice. The bubbles'are drawr 
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out into long, fine tubes, pointing inwards frpm the fgnr sid^ and 
from the bottom of the*moul8 and meeting in surfaces which n,re 
planes of weakness. The centre towards the top of the blocfic is 
comparatively spongy, owing to imperfect agitation, and to the 
oolleotion there of any impurities which the water may contain. 
To get the frozen ice out the mdulds afe }ifted bodijy, dipped into 
tepM water to thaw the surface, and tilted, so that the blocks 
slide out. 



Fig. ,42 illu.strates the cell system of ice-making. The^^nk 
containing the water to be frozen has a double bottom, and also 
an enclosure at one side, in which a plunger irfoves* slowly up and 
down, forcing the water backwards and forwards through apertures 
in the upper bottom, into the spaces between the brine cells. 
The brine cells are long, narrow cases of wrought iron, with a 
series of wooSen partitions extending; horizontally across each* 
arranged so that the cold brine circulates in tl zig-zag, and comes 
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Fig. 42. Cell Sysitm of loe-toakiug. 
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in contact ijith eveiy part of tne sunace of the cell. In the 
ejcionplfe shpwn here the brine cells‘have iiollow projecting pieces 
on both sides, not only at the extremities, bpt also at the inter¬ 
mediate points, with the effect that the water space between one 
cell and the next is divided into three sections, completely en¬ 
closed within active brii)e Vails, ' When the freezing is complete, 
and eivch section contains a solid block of ice, the circulation of 
cold brine is stopped, and tepid brine is pissed into the cells to tiiaw 
olf the blocks, which are then lifted out. In some ap)lications of 
the cell system the hollow 'transverse projections from the cells a»3 
omitted, and the length of the water space is divided up by mov¬ 
able pletes of metal, which serve to conduct heat away from the 
ends of the blocks. The blocks arc usually aboiit 12 in. thick, ft. 
or 3 ft. long, and 4 ft. high, and'the freezing takes about 3 days. 

In an earlier variety of cell system*'the brine cells were flat- 
plates placed somewhat further apart, and ice was forii'hd in slabs, 
which wore not allowed to become thick enough to meet in the 
middle. Slab-ice admits of being particularly clear, but it htis the 
drawback of taking a long time to make, since the heat' is taken 
from one'side only, and of being lather shapeless. The slab pro¬ 
cess has", however, been brought to great perfection in America, 
where it is used, for example, by Messrs Wostinghouse and Kerr 
in tire manufacture of what is there known as diamond-ice. The 
'freezing surfaces in their plant arc called dry-plates, and each con¬ 
sists of a gridiron of pipes'’iii which ammonia is directly expanded. 
In sonw} instances, the slab of ice is got off the dry-plate by 
passing warm ammonia gas through the pipes. In other cases, the 
sfcib is ,cut off by passing a steam cutter or knife with a thin 
hollow blade, served with'live steam, between the dry-plate and 
the slab. The steam cutter also has transverse blades, which 
divide the slSb into blocks of convenient size. 

The preference which' consumers generally feel for clear ice is 
mainly, if not rAolfy, sentimental. Opaque ice, or, as the Ameri¬ 
cans irnauspiciously call it, from its resemblance to white marble, 

“ tombstone-ice, is perfectly wholtesome, provided, of course, the 
water used in making it is pure; on the other hand, the clearness 
»of ice is no guarantee’of the purity of the water. Opaque ice is 
cheap to make, and there seems no ]^ood reason why it should not, 
be as acceptable as cle«(r ice. Mr Ijightibot irdbrms me that in 
the linde laclory at Hull, where 15 tons of opaque iCe are made 
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for each ton of coal burnt, the whole cost of jthe manjiiactare is a 
trifle under 2s. per ton,’this figure including the cost tf coal, iho 
labour in stoking and attending the machinery, the wage^ of 
crane-men, the engine-house stores, such as oil and waste, and tho 
loss ofcammonia, as well as the cost of water. He uses an ordinary 
two-cylinder compound engine* emplSy^g steam, at 110 lbs. 
presaure. At Grimsby, where the Linde Company h.as pflt up 
another larger ice plant on the same general lines, he expects to 
get even better results, ns he Vill there use triple expansion 
engines with steam at 160 lbs. 

Ice Binks. 

An application to be mentioned before wo leave the subject of 
ice making is tho fovraatiem of ice rinks. The Linde Company put ' 
up an icc rink at 'Frankfurt as cnrly*as 1891, in which the bruio 
pipe system was used, the pipes brfng placed in a shallow tray or 
cell of water, which was frozen bodily. Of the two public rinks in 
London*,.the one at “Niagara” has Do da Vetgne amiB«nia 
expansion plant, and the floor is jiarlo by a horizontal gridiron of 
brine pipes immersed in a tray containing‘water, th« whole 
of which becomes frozen. At the National Skating Palace, Messrs 
Hall have a carbonic acid plant, with a floor made up, of hori¬ 
zontal boxes or cells, through which brine is passed. The upper, 
surfaces of these cells form a water-tight floor on which a compara¬ 
tively shallow layer of water is frozen. The same* advantage 
which this system possesses in having only a small voliImeV water 
to freeze, and in having a flat base below the water, is secured in 
another way in a rink which tho Linde jCompany have pift up at 
Nuremberg. There the floor is a shallow open tray, in which the 
water is frozen, resting on timbers which stand on a goncrete floor 
below, and form channels through which a.circuiation of cold brino 
is maintoined. • 

Dry Air Blasts 

- An interesting modem*use of refrigeration is to cool air for 
the purpose of drying it, an effect which follows from the great 
reduction at low temperatures jn capacity for holding moisture in 

. , -* ■ .* 

* Both of these riohs have now (I{l08)*cea8cd to exist, 

‘.Added in 1908. 
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suspension., (See IJible in Appendix D, p. 187.) This treatment 
is now advocated, after successful trial in the Carnegie Steel Com- 
pah/s works near Pittsburg, for application to the air supplied to 
blast furnaces. It is claimed that drying the air results in a large 
saving of fuel and increase of output, and also in escaping* varia¬ 
tions in the quality of Ijhe'iron, \thich are ascribed to the variable 
humidity of an ordinary air-blast, due to variations of atmospheric 
conditions. The air is cooled by passing through a chamber stacked 
with brine pipes, the coils being divided into sections, for the 
purpose of thawing off. The moisture is deposited on the pipes as 
water or as ice, the ice being periodically thawed off by passing 
steam^beated brine through the sections. 

In a trial of this process air entering at an average tempera¬ 
ture of about 75° Fahr. was cooled by passing through the brine- 
pipe chamber to 22° Fahr., and the amount of water held in it 
.was thereby reduced from about 5‘7 to 1’7 grains pet.•cubic foot'. 

Cooling of the Magazines in War Ships^ 

'Among small-scale application! ol refrigerating 'plant an 
important one is to the magazihes of war ships, where the object 
is to maintain a teinpemture low enough to prevent deterioration 
of the explosives. Without such cooling the magazines are liable 
in s'bmc cases to reach a temperate r6 as high as 90° Fahr. through 
' the unavoidable proximity of the magazine to boiler or steam- 
pipes, and even thii may be exceeded if the ship is stationed in 
a warm< climate. Such disasters as that which happened in 1907 
to the French battle-ship Jena have been traced to the de- 
ierioratidu which nitrocellulose propella.nts suffer under such con- 
dition£ Protracted expd'sure to a high temperature brings about 
a gradual decomposition of their highly unstable constituents, 
which at an advapeed stage produces so much evolution of heat 
as to‘cause the explosive to ignite spontaneously. 

" The profKillants used in the British service, which are 
mixt'ures of nitrocellulose and nitroglycerine with a small pro¬ 
portion of mineral jelly, are consideiq.bly more stable, but even 
in their case continued storage at a temperature so high as 90° 
Fahr. would be dangerous, and steps are accordingly taken to 

> See a paper on the applioatieTa of dry-^ blaBt*to the .manniactaie of iron, by 
James Gaylejp Amirn'can Iron and Stee\ In$t. 100^ 

> Added io 1908. 
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reduce the temperature of ship’s magazines t<j something lik^eo" 
or 70° Fahr., which is low enough to secure practicalfjj complete 
stability. For this purpose worships are now fitted with, car¬ 
bonic acid machines, these beifig considered safer for use in 
confin^ spaces, for the reasons Jhat Iftive been already stated. 
They arc placed in compartments neat the magazines, and are 
drive® either electrically or by steam. They are employed tq,cool 
brin5 which is caused to circulate through one or more nests of 
cooling pipe.^ past which air from the magazine is caused to 
ci^ulate. A single machine may, and gencmlly does, serve moi% 
than one magazine, by being used to cool the brine for more than 
one nest of pipes. Each nest is placed above or clos® to a 
magazine, and short air trunks are led from tfie magazine to the 
cooling pipes and back, with a fan»to maintain circulation of the 
air. The air trunks are estended throughout the magazine, with 
exhaust and delivery at various parts Cf the length, so as to secuM 
that no part of the atmosphere ^f the magazine shall remain 
stagnant and warm. The use of brine pipes is preferred to direct 
expansion, as they are hold to give gi’eater*facilit^ in adjust^g 
the amount of refrigerating effect in the various magazines which 
are served from one machine. The brine is not allowed‘to fall 
below 32° Fahr.—about 34° is the lower limit—and consequently 
no ice is formed on the brine .pipes, though moisture is deposited 
The chilled air before being discharged to the magazine deposits . 
so much of its moisture on the pipes ae rto kc^ the atmosphere 
in the magazine relatively very dry, and a closed circulation is 
maintained, air being taken from the magazine, cooled, and re¬ 
turned to the magazine again. 

The arrangement as applied to the alter magazines, of a 
battleship is shown in Figs. 43 and 44. Fig. 43 is a plaA of the 
magazine deck and Fig. 44 a plan of the deck above on which the 
air coolers are situated. The refrigerating maihinery, consisting 
of the compressor and tJie brine pump, is pkeedsn a compartment 
on the deck above that, above the position indicated at 4 in 
Fi^* ,44. The brine pipes lead frpm it to throe aff coolers, B, B, 
whiCii'serve the magazines^ immediately below. Each air Cooler 
has 250 square feet of cooling surface. The construction of these 
coolers is shown by sectional riews in Fig. 45. Each of them 
fesembles a surface eondenser; the coldl)rir\p circulates across the 
cooler through two groups of horiibntal pipes, one group serving 



130 


USES OT mechanical BEFBIGEBATION 







USES OF MECHANICAL HEFRIGEllATION 


131 


_ as returns. The air passes longitudinally though the cooler'and 
therefore at right angldb to the pipes. To propel tng air each 
cooler is fitted with an olcctricaily driven 12^ inch fan. The ai' 
trunks are seen in Fig. 43. The exhaust air-trunk draws the air 




from the upper j)ortion of each magazine, and then leads up to the 
g)oler through the deck just whSre Jhe oQoler is situated. Similarly 
the air after being cooled is led dijeotly doVn through* the deck, 
and along a Supply trunk which returns it to the jn|gazines from 
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which it c^me. Tlje supply to each magazine is regulated by , 
baffles' or waives in the trunk. ' ' 

"Rie compressor in such casss is usually a car'bonic acid 
machine of 50,000 thermal units capacity. Besides serving the 
air coolers it is arranged to be applicable to ice-making. For this 
purpose a stpall ice-ma,king tank is placed in the compartment 
which contains the compressor, and valves are provided by means 
of which the brine circulation can be made to take place directly 
through this tank. In ice-makiiig the brine is necessarily cooled 
to a much lower temperature than would do in the air-coolers, 
where we have to prevent the format’on of ice on the pipes. 
Accordingly, while the apparatus is being used for making ice the 
magazine air coolers are shut off and the temperature of the brine 


^ is brought as low as may be desired. Fig. 46 shows diagram- 
matically the circulation of the brine in'the two cases. When the 



Fig. 4C. Diagram eiicwing alternative cironlation ot brine. 


magazines aVe being cooled, the valves A A are'shut and BB are open. 
The brine therefore circulates to the magazine cooler but not through 
the icd-tank. For ice-ijaaking valves .AA are opened and BB 
are shut,-which cuts off the magazine cooler and makes the brine 
flow through, the ice-tank only. The cooling of the magazines is 
of course suspended whi'e ice-making is going on. 

Fig. 47 shows in plan a complete representative plant used in 
^ magazine cooling, which consists of a 50,000 British thermal unit 
carbonic acid compressor, driven in^^this example by a vertical steam 
engine! On the two sides of it are the condenser and evaporator 
'consisting of precisely similar arrangements of pipe coils. Ad¬ 
joining the condenser is the vertical steam-driven biine pump and 
on the other side the Jjrine tank which contains three moulds for 
making in all 100 lbs. of ice at a time. Here again the valves 
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> AAA are opened for ipe-making and BBB axi closed.* The pipes 
CG lead to the air-coolers; when they are in operation«the"valves 
BBB are opened and AAA are elosed. * * 


























LECTU'RE VI. 

The Production of Very Lovr Temperatures. 


In none of the industrial us§s alri'twiy rcicrrod to is more than 
a moderate degree Of refrigeration rcqiiired. The temperature is 
rarely lower, and never nfhny degrees lower, than the zero of the 
Fahrenheit scale. It is, howev^'r, the case that in sofne processes 
considerably lower teinperatuVes are employed. Certain sub¬ 
stances used in medicine are purified by ciystallising them out 
under extreme cold. The rectification of chloroform for instance, 
and of nitrous oxide, is carried oiit by the use of low temperatures, 
and, to give a recent ex.amplc of another kind, acetylene has been 
purified by subjecting it to a low temperature, and treating it 
with sulphuric acid. The acid is d'dund not to act on the aeety- 
' lene itself, when cooled to — 50° C., but to retain res action on the 
impurities which have to he removed. An easy means of getting 
low temperature (down to values of about — 80° C.) when small 
quantities of mr.terial have to be dealt with, is furnished by using 
cbmpra"sbd carbonic acid, allowing it to evaporate freely in the 
air, wheu it reaches a temperature approaching that limit. Apart 
from commercial uses the production of very low temperatures is 
a problem of great^ physical importance, interesting alike in itself 
and ill its results. Quite recently great strides have been made 
til this subjest, It is now an easy matter to produce the extreme 
degrees of cold npcessary to liquefy oxygen and air, and it is not 
unlikely that the liquefaction of air wilj. soon take its place among 
ordinary industrial operations’. In order to liquefy any gas, the 
< tempefntui'o must be reduced below its critical point, otherwise no 
amount of pressure, however gi^atj will inake ,the gas change itS' 

’ The paragrephs added at the end*of the Lecture vill shov thr.t this expeota- 
tioQ has beeu realized (1908). 
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State. Wc may define the critical terapera|ure of ) gas as the 
highest temperature at which it can exist in the liquill form 
under any pressure whatever. • 

• 

Liquefaction of Gases }>y CaMletet and Pictet. 

• * * . 

The attention of the scientific world was arrested in the be¬ 
ginning of the year 1878 by the news which reached it almost 
simultaneously from two sourefls, that two independent experi¬ 
mentalists had succeeded in liquefyin/^ certain of the so-called 
permanent gases which Jiad been loft uidi(iuefi(!d in the earlier 
experiments of Faraday. Cailletet and Pictelj, within a few days 



Fig. 4ft. Cajeade Method of reaching very Low Temperat 

of one another, but independently, and by more of less aisiinci 
methods, succeeded in liquefying oxygCn, nitrogen, and,other 
gases. Pictet employed what wc may dis’tingfiislf a^^ the cascade 
)r successive cycle method. The general idea of this method is 
^qstrated in Fig. 48. Imagirte a refrigerating agent,«such as 
siilwnio acid, to have been compressed and to expand through a 
ralvc into the chamber. A, where it evaporates. In the example, 
IS sketched it is escaping fr8m^.d tp the atmosphere. When 
^arbonic acid evaporates freely *to the atmosphere "it falls to a . 
lemperature of about —80° C. It could be made to go 30 
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degrees or piore lowi?r by using an air-pump to preserve a partial 
vacuum in the chamber; but, assuming the pressure "in ^ to be 
atAiohpheric, the temperature tl}en will be about — 80° C. Now 
we may use this as the ^ condensing temperature of some other 
more volatile material. ,The material which is indicated' in the 
sketch is ethylene, which, was not used by Pictet, but has come 
into' use subsequently, and has done good service in the bands 
especially of Professor Dewar. It forms a convenient intermediate 
link between the comparatively easily liquefiable tarbonic acid 
and the much more difficult oxygen. Ethylene has a critital 
temperature of —10“ C. and needs only moderate pressure to 
liquefy* it when exposed to a temperature of —80° C. It is 
pumped at the necessary pressure into the inner vessel at A and 
is there liquefied and passes through an expansion valve to the 
outer vessel at B, wher» it evaporates. The pressure in B .ia 
supposed to be kept at something not much over *000 inch of 
mercury, and in that case 'i.he temperature reached by the 
.ethylene in evaporating will be —130“ C. After expansion it is 
re-fibmpressed, so that the part of the apparatus in which the 
ethylene is carried through its Viycle may simply be regarded as a 
separate vapour compression refrigerating machine, the same in 
kind as the ordinary machine using ammonia or carbonic acid, but 
with ethylene as its working substance, and with B as refrigerator 

' and A as condenser. * ■ 

The remaindernof the'apparatus is another similar machine, 
using, ip this case, oxygen as its working substance, and with B as 
its condenser. The critical temperature of oxygen is about —118“ C., 
and, ar. the temperature in B is lower than that, the oxygen 
liquefies, when compressed into the inner vessel at B. A moderate 
pressure of 20 or 30 atmospheres suffices. The liquid oxygen may 
be passed through a valve, and evaporated again in the vessel C, 
and HI that way a temperature of — 200° C., or lower, can be 
fiiached, the temperature, of course, in this last vessel depending 
on the pressure ,in it, and, consequently, on the rapidity with 
which ^tiie pump is worked. By working the pump tolerably fast, 
to preserve a good vacuum in C, we can get down to something 

• Kke - 220“ C., or even — 225° C,, a temperature wljich is no very 
long way above the absolute z^ro^'—273' C. ,In Pictet’s cascade. 

• of successive cycles, thd substances used were sulphurous acid and 
carbonic acid.^ ^he ethylene is a useful addition, as giving readily 
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a temperature considerably below the criti|al poinj^of oxygen. 
Without it, however, Pictet subceeded in liquefying oxygen*!^ the 
device of letting it suddenly escajMj when under high pressufle’Sad 
after being cooled as far as the carbonic acid would cool it, though 
the temperature reached while *he g^ was under compression 
was considerably short of the cKtical ^po^nt. , 

Pailletet did not use the method of the cascade. He compressed 
the gas under very high pressure, and cooled it moderately, so 
that it was? still far above it# critical temperature. He then 
allowed it suddenly to expand by opefiing a tap, which relieved 
the pressure pn the gaa« In expanding it did work against a 
column of mercury which was used in hi^ apparatus, as the 


equivalent of a piston for compressing the gas. The gas, therefore, 
cooled itself, the expansion being sudden Mid nearly adiabatic. 



Fig. 49. 


pressure was still left high enough to lique^ the gas at tne 
tyj^perature which it had tlfen acquired. The chamber con¬ 
taining the gas was of glass, and the liquefaction became apparent 
by the formation of a mist. 

Fig. 49, which is capied'from a paper by Professor Dewar', 
shows an improved apparatus*based partlj»on Pictet’? method and 
• * » mi. Mag., Sept., 1894. 
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partly on Cp.illctot’se An iron flask, G, contains highly compressed 
oxygen on air, or whatever gas is to be treated. The gas passes 
frdm'^this flask, through a small pipe, I, into the inner tube at F. 
This tube is surrounded by a vessel, Q, containing some other sub¬ 
stance more easily liquefied than *he gas in the inner tube. Suppose, 
for example, tjiat 0 contains carbonic acid. An orifice, E, near the 
top leads, by an annular passage round it, into an outer chsftpber, 
from which the gas is drawn away by an air pump. This keeps 
the temperature in 0 considcra'bly below — 80° C., and if a good 
vacuum is maintained it' may bo as low as —116° C. Say that 
compros.scd oxygen is coming into the tube F: the ci;itical tempera¬ 
ture of oxygon is ^ trifle lower than this, and hence, under these 
conditions, the oxygon will just fail to liquefy. But let the stop¬ 
cock A be closed, and the other, B, suddenly opened to allow the 
pressure in F to be reduced; immediately a portion of the oxygen 
w<ll condense. The adiabatic expansion which occurs in the sudden 
release of pvrt of the gas causjcs what is left to fall to a tempera¬ 
ture below its critical point. Insteiid of using carbonic acid in the 
ja^-^, 0, Profe.ssor Dewar preferred to use liquid ethylene. 
Ethylene readily fvaporates at‘-a temperature below the critical 
point of oxygen, consequently, without using the sudden expansion 
which was the characteristic feature of Cailletet’s method, the 
oxygen can then be condensed jinder steady pressure in the 
’ inner tube. 

i t 

Subsequent Work by Dewar and others. 

i" «*• 

Two years later Pxofossor Dewar decanted liquid oxygen into 
an ope®, glass vessel from a spiral worm of copper tube, in which 
it was" liquefied under ' pressure, the worm ,bcing cooled by 
enclosing it in a chiimber from which liquid ethylene was 
evaporated. ' A taj) at the bottom of the worm could be closed to 
allow«thc liquid oxygon to accumiilate, and opened to let it pass 
into an open, test-tube, which was kept cool by a jacket of 
evaporating ethyVme in order to prevent the liquid oxygen from 
evaporating too rapidly. The ethylepe was liquefied by com¬ 
pressing it in another worm surrounded by carbonic acid snow. 

‘ His apparatus is shown in Fig, 50*. An interestiing feature in 
this, as well as in the apparati^s of Fig. 49,,is that the liquidi 
ethylene is, to a great'extent, protected from conduction of heat 
^ See Proe.iTioy. June, 1886, and Phil. Mag.^ March, 1895. 
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into it by a jacket through which the vapouf circuli^cs which is 
given ofif by the ethylene itsdf. A similar arrangemqpt for the 
decanting of condensed oxygen was used in 1890 by Professor 
Olszewski’, who has been assiduous in the same field of research. 
Othermaraes which should be nKUtion*ed in this connection are 
those of the late Professor Wroblewski^ Professor V^tkowski, and 
ProfaSsor Onnes, of Leyden. 



It would be teyond the scope of’these lectures to* refer in 
detail to the large amount of work which has Iteen done in 
investigating the pro^jcrties of matter alT extremely low tenjpera- 
tures or to make any attempt at appSrtiofiin^ gredit to tfcn 
various workers, whose claims have in some cases been dis*ussed 
wj^^ a degree of wannth scfdrcely appropriate to the .subject. 
With liquid oxygen or .liquid air available as a laboratory agent 
new fields of research have become open. It is now possible and 
,even easy to examine »the ftecnanicjl, electrical, and magnetic 
qualities of substances under'conditions previously Unattainable. 

• ’ Phil. Mag., Feb. 1895. 
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^ See Proe.iTioy. June, 1886, and Phil. Mag.^ March, 1895. 
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inner space, the top of which is, of course, jkept open, thefe is 
at first some quick ebullition,* due to heat taken frorjj the sub¬ 
stance of the glass. But that is soon over, and the liquid»then 
remains quiet, maintaining its low temperature by slow evapora¬ 
tion fr«ra the surface. It is the ^cuunf jacket which makes this 
quietness possible: without it the liquid gas would continue to 
boil away fast, through conduction of heat* from outside. Income 
cases Professor Dewar reduces conduction even further by adding 
to the vacuujn jacket a film of mercury spread over the surface of 
the glass, on the inner surface of the* outer wall. The bright 
mirror surface thus prodjiced reduces the absorption of heat by 
the outer wall, and Allows much less radiation to get ^rough. 
Professor Dewar finds that the rate at which heat leaks in through 
an ordinary vacuum glass, withont'the mercuiy film, is about one- 
sixth of the rate of heatir/g when the vacuum is spoilt by letting 
in air, and%further, that when the Vacuum vessel is “silvered” 
—that is to say, when a- mercu^ film is added—the rate of 
leakage of heat is reduced to one-thirtieth. 

Dewar’s admirable device of the open vhcuum-jacketed sefeef 
enables liquid air and other liqiMifiod gases to be,decaftted and 
handled with the greatest ease, to be conveyed from place to 
place, and to be stored for short periods with no more than a 
moderate loss by evaporation.^ It is an appliance of Jirst»rate 
importance in Researches at extremely low temperatures. 

• 

Regenerative Method of Producing Very Low Teupwatures. 

The production of very low temperiyjtures has m recent years 
received a novel and highly interesting development thrqngh an 
application of the’regenerative principle. In speaking of machines 
which produce refrigeration by the expansion of air, I drew attention 
to the early suggestion by Siemens of the use bf a regeneraj»r or 
counter-current heat mterchanger, and wd sa\d that Jhe regener?« 
tive principle again found application in the hands of Kirk. • 
/...^emens, in his patent of 1657, describes tfie emplojanent of 
an mterchanger to extract cold from the air already coole3 by a 
refrigerating machine, and thereby to cool the air which is on its , 
,way to being expanded.* He pointed put that in theory at .least 
there was no limit to the degree of cold which could^ be produced 
by the appHcation of this interchanger. His provisional specifics- 
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tion,' which was n^ver completed, gives an example of the 
tempenatures that might bo expected iif a particular case, and 
proceeds:—“These temperatures gre mentioned, not as absolute 
temiHjratures, but to show that the principle of the invention is 
adapted to produce an accifmulatgd effect, or an indefinite reduction 
of temperature.” ' < 

Siemens’ idea was that 'the compressed air should pass through 
this interchanger, and should then bo caused to do work in an 
expansion cylinder. This expansion would chill it, ^nd it would 
then pass again through* the interchangcr, giving up its cold 
through the interchanger to the ncx„t succeeding supply of 
compressed air. The effect would bo to make each fresh supply, on 
its way to the explosion cylinder, a little colder than the hist. 
A cumulative fall in temperature would result which would only 
' be limited by accidental losses due to> conduction of heat from 
outside and to heat developed from friction within tjio machine. 

It does not ajipear that Sierijpns followed up his idea. In 1886, 
Solvay patented an apparatus and process for producing, applying, 
and-^^eeping tip extreme temperatures. It was a regenerative 
method somewhat resembling that of Siemens, but with a re¬ 
generator instead of an interchanger. Solvay constructed an 
apparatus, by which he was able to reach a temperature of about 
— 95°C.*. He found that at that tcanperaturc the losses of cold 
.balanced the gains. In 1892, Windhausen also patented an 
apparatus for producing < extreme degrees of cold, in which an 
interchanger essentially like that of Siemens was used 'in combina¬ 
tion witK an expansion cylinder. 

< Mr Wyndhausen tells me that this invention is now in use on 
a commercial scale for smh processes aS the extraction of benzol 
from the' mixed gases which are given off by i)he distillation of 
coal. The iiidustrial application which he had in his mind was 
the separation of 4uch ‘volatile constituents of mixed gases, by 
4tmtional distiKation at low temperatures. He tells me that 
about ^50,000 cilbic metres of the mixed gases given off from coal 
are. treafed daily'under a pressune of 2 to 2^ atmospheres, the 
temperature reached being about — 9(1 C,, or — 95° C. (the same 
^ temperature as Solvay reached), and at this temperature 20 to 30 
grammes of benzol are got froinJeacJi cuIrc metre of the gas, the 


^ Comptet Rendw, Deo., 1895. 
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remainder, namely about 98 per cent., passing off as gas to be flsed 
in the ordinary way. 

The Step-down In Temperature. 

To*makc the intcrchanger of fJhy us^ in causing a cumulative 
fall in temperature the gas passing qjit, through it must have 
sufTofed a step-down from the temperature it took in coming in. 
In the inventions of Siemens, Solvay, and Windhausen, this stoj)- 
down is produced by causing fhe gas td do work in an ex¬ 
pansion cylinder. The step-down is c%sential. to a cumulative 
cooling, but if may be •caused to happen in more than one 
way. There are, in fact, two ways by which,that 8tcp-(k)wn in 
temperature may be produced. One is the way those inventors 
have used, namely, to make the gas do work, «ay against a piston 
in an expansion cylinder. ’ But there is another way without,the 
use of an expansion cylinder at all.^ namely, by merely letting tlto 
gas stream through a c6nstrict^. aperture or throttle-valve. 
The gas then expands without doing work; i|j consequently, 
becomes much less cooled than when it docs work in an cxpaiision 
cylinder, but it becomes cooled to a certain ^mall extent. In 
early experiments by Joule, where a gas moderately com’pressed 
and brought to atmospheric temperature was allowed to expand 
through a throttle-valve from .one vessel to another, h(/did* not 
observe cooling? and he drew the conclusion that the internal ' 
energy of a gas does not depend upon fta pressure, but rf)nly on .its 
temperature, which is givert in text-books as Joule^ lajv. But 
later experiments by Joule himself in conjunctiou with Thomson 
(Lonl Kelvin), showed that this law was not exactly tr«e,of real 
gases, though it is. convenient to retain il as an expressioi^ «f what 
would be’true of an imaginary substance’called a “perfect gas.” All 
real gases are more or less imperfect, in the sense that fheir physical 
behaviour deviates, mope or less, from the'simple laws which* hold 
for a perfect gas. By forcing air and other gases lh»’ough porou# 
plugs serving as constricted apertures Kelvin ^d Joule Sstab- 
lishe^v-Ao fact that there is, some cooling when they expand with¬ 
out doing work. The amount of this cooling, which is called 
the Joule-Thopison effect, is, in general, very small, and that is 
«why an ordinary s^r roffigerafinw machine cannot operate with¬ 
out having an expansion oylindgr as wt)ll as a .compression 
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cylinder.. It •would, not produce ony refrigeration worth speak¬ 
ing of if, a regulating throttle-walve' such as serves in an 
ammonia-machine were substituted for the expansion cylinder, 
when we are dealing with air "as the working substance in a 
refrigerating machine of' the Pell-Coleman type. In a crapour 
compression machine the regulating valve does serve as an effective 
substitute for the expansion cylinder because condensed vapouwcools 
itself very much in passing through such a valve. Even in a car¬ 
bonic acid machine in-the tropic*, where the compressed vapour is 
at a temperature above its critical point and is therefore not con¬ 
densed, expansion through the regulating valve is still effective in 
cooling, the gas, because the gas in this condition is very far from 
being a perfect gas and does not even approximately conform to 
Joule’s law. But with air, or With any of the so-called permanent 
gases, the deviation from Joule’s law ia small, and the extent to 
winch the temperature falls 'When compressed air stroatns through 
a throttle-valve is only about- one quarter of a degree on the 
Centigrade scale for each atmosphere by which the pressure drops. 
This, is when' the air is at anything like ordinary atmospheric 
temperature;, but if it is very cold to begin with, the fall in 
tempemture is greater, for it is then a less perfect gas and deviates 
more widely from Joule’s law*. 

Lpplication of the Regenerative Method. 

Suppose now that air,.compressed to a pressure say of 100 
atmospheres is mddc to pass through a long coil of. pipe and to 
escape At the end through a small nozzle. Its temperature drops at 
^nce by somethfug like 25 degrees Centigrade. Let the gas which is 

* EelVin and Joule found t^eie was cooling in all the gases they tested except 
hydrogen,, which actually became hotter when forced through the constricted 
aperture or porous ping. It is now known that hydrogen ia cooled,** like other 
gases, ptovidedMhe initial temperature is helow a certain limit. For any gas 
there is in fact a particular temperature b^ow which the eflect of throttling is to 
cool t&e gas, and ghovs which the effect of throttling is to heat it. In hydrogen 
This temperature i,; comparatively low. The cooling effect in any gas is augmented 
the fnfther the actual temperature is below the limit at which the inversion of 
effect takes place. In hydrogen, at the temperature of liquid air, the fall is about 
one .quarter of a degree per atmosphere. In atr, according to Kelvin and Jonle's 
experimentsi the fall in degrees Centigrade is given by the expression 

where p, and p, are the preosures, in atmospheres, before and after the throttling, 
and T is the absolute temperature befom throttling. 
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cooled by this drop escape through an interchange, In close 
contact with the coil of pipe, so'that it gives up its cold io the gas 
which is on its way to the nozale. This produces a prelimlhaly 
cooling of the gas that is not yet expanded; its expansion through 
the nozzle then cools it further, «and alter that it passes away 
through the interchanger to effefct a stilly further cgoling of the 
incocAng gas. The process goes on cumulatively, and the tempera¬ 
ture in the pipe and at the nozzle falls without limit, or rather 
until a limit «is reached which is determined by the leakage in of 
heat from outside, and by the imperfection of the interchanging 
process. ^ , 

But if care be taken to insulate the apparatus well, andi make 
the interchanger so efficient that the temperature of the gas as it 
finally escapes is only very little lower than the temperature of 
the compressed gas that is'entering the pipe, an exceedingly ^ow 
level of temf«rature may bo reached at the nozzle, a temperatuA, 
indeed so low that the air which iss«e^ from the nozzle will be in a 
liquid state. The early stages may be abbreviated if the com¬ 
pressed- gas is cooled to some extent boforetfand by other laeans 
as, for instance, by passing it through a pipe ^surrpunded with 
carbonic acid snow. Such precooling will not only make'lique¬ 
faction begin sooner but will increase the proportion of gas that is 
liquefied when the working of .the apparatus has reached a steady 
state. . , 

There are two essential factors in thia»regenerative method of 
producing extreme cold, namely (1) the drop in temperature on 
expansion, and (2) the interchange of heat by which tlie air which 
has already sufiered that drop cools the, air that*hM yqt to be* 
expanded. The drop in temperature mjiy, as we have se^, be 
produced ^y expansion under such conditions that the & does 
work, instead of by expansion through a nozzle, when it does not. 
Expansion doing work would bq theoretically beftter, inasmuch as 
it would yield a mucB larger drop: but'practiradly expansion, 
through a nozzle has so far been found to be best when extremely 
low t^;^ratures are aimed at. ffhe use of a piston and cylinder 
at temperatures such as thaif of liquid air would involve formidable 
difficulties in the way of lubrication as well as of thermal insula¬ 
tion, and muolf the samg objectito would apply to a turbme, 
^hich has been thoiljght of as air alternative jneans of augmenting 
the drop by^ving the expanding'air work to do. X nozzle id 

B..B. . - - 
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easfty insulated fropi its surroundings. An expansion cylinder is 
not ofily harder to insulate, but w^ll have heat generated within 
it'bj friction. Solvay, using an .exj)ansion cylinder to cause the 
drop, found that the lowest temperature he could reach was 
- 95" 0.; beyond this jloint the losses were in excess «of the 
cold produce,d. But a^leiiiperatbre of — 200" C., or even lower, is 
reached without difficulty, when instead of an expansion cylinder, 
a throttling nozzle is used to cause the drop. 

This pi'inciplo of■■ regenerative cooling was first successfully 
employed by Linde for the j)rorluction of extremely low tempova- 
tures, and for the liquefaction of air. In the summer of 1893 he 
invented an apjxij'atus, shown diagrammatically in Fig. 51. It 
consists of an intcrchanger, C D E, formed of two spiral coils or 
worms of jupcs, one inside tile other. A compressing pump P 



Fig. 51. Lindc'B BegeneratWe Appavatus. 


'deliver?' air under high pressure through the valve, IJ, into a 
coolcr\ J, whore the heut developed by compression is removed 
by water circulating in the ordinary way from an inlet at K to an 
outlet at L‘. The highly compressed air then passes on through 
the pipe BG to the innhr worm, and after jessing through the coils, 
r-B E, expand^ through the throttle-valve, R, into the vessel T, 
thereby suffering a drop in temperature. Then it returns through 
the outer worm, F, and, being in tlose contact with the inner worm, 
gives* up its cold to the gas that is still on its way to expand. 
Finally it reaches the compression cylinder, P, through the suction 
valve, 0, and is compressed to go' again through the cycle. Thp 
tap, V, allbws the liquid gas to be drawn off, and this loss is made 
good by pumping in more air through the stop-valve'at A. 
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Linde used no preliminary cooling of the •air. Stwting with 
everything at atmospheric temperature, he suocccdedf in. May, 
1895, after some 15 hours of contjpuous operation' in producing so 
great an accumulated effect that liquid air began to run out of 
the noazle. He patented the process in June of that year, and the 
earliest account of his work published ip English* appeared in 
Ooto]»er in the EngiimrK The novelty and excellence of Lihde’s 
invention lie in the combination of the regenerative intcrohanger 
with the exjmnsion nozzle as a nleans of pfoducing what I hav^ 
caUed the drop. The regenerative prinbiplo had been employed 
before to accuinulatc the cooling effect of expansion in a cylindei’, but 
no one had used it to accumulate the small cffeiit which hwl been 
exhibited by the experiments of Kelvin and Joule. 



/-■t . * 

Mire recently the sauje ftiethod has been employed by De\var, 
and has led, in his hands, to the construction of a remarkably 
simple laboratdfy appan^ius fcr liquefying oxygen or air.^ A 

General view of the Apparatus isPshfcwn in Fig. 52 and w section in 

• 

^ also the Mnginetr of Kovexaber 13 oud 20^ 1886. 

• • 

10-2 



ig. 65. 

Irora*’ the other, flask. This preliminary cooling is used to 
acoeler&te the action. Linde Mow«;d that it was possible to 
start, with air at the atmospheric temperature, and to get it 
cooled down below the critical point and ultinpately liquefied. 
But by using carbonic ' acidY, tq cool the, air beforehand to 
— SO'C. or so, the action is much hastened, and in about five 
minutes we liquid oxygen streaming firom the' nozzle into 
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the vacuum vessel placed there to Teeeive^it, Owing to*the 
preisence of slight imparities,‘it is a turbid-looking ^quid, but 
when we pass it through a filter paper 'into another vaeuwm 
vessel it becomes clear and shows*the pale blue tint characteristic 
of liquid oxygen. Following Professor Dewar, we may demonstrate 
some of its properties. That it* is gi’i^ng off oxygen vapour is 
show* by dipping a glowing match into*thb top of the vessel the 
match immediately bursts into flame. A spiral of lead wire 
dipped into .the liquid becomes# so elastic under the extreme 
cold that a weight hung from it will dance up and down as it 
would if the wire were qf steel. But as the lead spiral recovers 
its usual temperature’by taking in boat from the air of th^e room 
its elasticity disappears, and the weight, which it bore easily when 
cold, begins to draw it out and finally pull% it nearly straight. 
Another effect of the cold'is shown by dipping a sponge into the 
oxygen and*jipp!ying it to the back f)f a piece of paper colour*^ 
with cinnabar: the pink, coloui/of the cinnabar disappears. 
Another is shown by applying liquid oxygen to some spot on the 
outside of a flask full of bromine vapour. * The ^lask losgs ^ts 
orange colour, for the vapour has cendensod, forming j solid deposit 
on the glass at the place that has been chilled. An ^india»rubber 
ball dipped into the liquid oxygen becomes so brittle that when it 
is thrown against the wall it breaks into fragments, and » piece ol 
rubber tubing similarly chilled snaps like a rod of glass when we 
attempt to bend it. Organic substanoe^ such as an ej;g-shell or 
an ivory prfper^knife,' when cooled by liquid o,xygon, and tKen 
exposed to the strong light of the electric arc^show phosphorescence 
in the dark. A magnet is strengthened by the extremg cold, a* 
the molecular theory would lead us to eijiect. The magnetic and 
electric qualities 6f matter at low temperature have lately been 
the subject of extended study by Professors Flemingk and Dewar. 

It is a curious coincidence in the history’of invention, that 
some four or five weelfs before Dr Linde applied for, his English, 
patent an application accompanied by a provision&l specifigation 
was^;:^lcd on 23 May, 1896, • by Mr William Hampjon, for 
“Improvements relating.to*the progressive reMgeralion of gases. ” 
The text of this provisional specification was brief, and may be 
quoted in fulf:—^“Tfae ii8ual*oyMe of compressing cooling, and 
expansion is modified by using* afi the gas. after its expansion, to 
reduce as nearly as possible to its c^n temperature the compressed 
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gaaVhioh is on its,way to be expanded; with this object all the 
expanded,gas surrounds the pipb or pipes of compressed gas 
tbrOEgh all their length from the^ point of expansion to the point 
of normal temperature, and the length of pipe is sufficient to allow 
of the fullest possible iritcrehapge of temperatures between the 
compressed and expanded gas. ”*■ 

If. is by no means easy to say how much credit shoifld be 
assigned to this publication. Docs “ the usual cycle of compressing, 
cooling, and expansien” meanc a cycle in which . expansion is 
performed in a cylinder,«as it is in ordinary air machines, or by 
passing through a throttle-valve, as in.machines which use am¬ 
monia or sulphurous acid or carbonic acid? Mr Hampson was 
endeavouring to get his ideas brought to a practical issue for some 
years before the dfite of bis 'apidication, but he had made no 
apparatus. Meanwhile, Dr Linde’s ‘invention was produced, 
ctmplete, and in a form '6hat demonstrated its practicability. 
Whatever credit belongs to'Mr Ilatnpson takes nothing from 
that which is due to Dr Linde. Since then, Mr Hampson has 
mddf experiments at' Brin’s Oxygen Works, and he informs me 
that witSi only 90 or 100 atmospheres of pressure he has got liquid 
air in • three-quarters of an hour without any preliminary or 
auxiliary refrigeration. 

.Tn Linde’s first apparatus the interchanger was made of iron 
pipes, with internal diameters exceeding 1 and 2 incfics respectively, 
and weighing, ydth the 'collector and its fittings, fully one and a 
quarter tons. It was the large mass of the apparatus that made 
the period of cooling take as long as 15 hours, but once liquid air 
began to,be formed, more, than half a gallon (3 litres) was got per 
hour. , With a smaller apparatus weighing half a ton, and with 
higher pressure, the period of cooling was reduced to fire hours. 
In that case .the air to bo liquefied was distinct from the air which 
circulated through the-tubes. It,was pumped under a pressure 
fif three atmospheres into a separate closed vessel phiced within 
the c^iamber into which the nozzle of the interchanger opens. 
In a third experiment, Linde used copper tubes weighing 130 lbs., 
and reduced the period of cooling td two hours, one-fifth of a 
gallon of liquid air being then obtained per hour. We have seen 
that by the use of lighter apjiuatus, vrith the aid of auxiliary^ 
cooling by carbonic acid, small qbahtities of liq'uid air may be got 
in a still shorter time. '* 
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In cooling a gas by making it expand through a coostrifcted 
orifice, the amount by wliich tire temperature Srops is proportional 
to the difference of the pressures andpi on the.two sides of the 
orifice. But the work which the pump has to do in forcing the 
air to <pass again and again rouni the fcycle depends not on the 
difference but on the ratio of and*pi. Hence, to make the 
system efficient, what is aimed at is a &ir§e difference Pa—ji, but 

a small ratio —. This requires that should be high, and pi 

* Pi • * 

rqpderately high. Dr Linde accordingli; makes the upper limitrxf 
pressure, p.^, about 200 atmospheres, and in some cases he makes 
the pressure 'W tho other side of the orifice as much as 50 
atmospheres. Thus a drop of 150 atmospheres* is then associated 
with the very moderate value of four for thc^ ratio p^ to p^. On 
the other hand, if in passing the orifice the pressure of the gas ' 
were allowo^ to fall to that of the atmosphere, the drop on which 
the cooling effect dependa would,be increased from 150 to 199, 
but the ratio on which the work depends would be increased from 
4 to 200« The cooling effect would bo only on5-third greater’ 
whereas the work to be done by .the pump, which varies as the 
logarithm of this ratio, would be nearly four times as great in the 
second case as in the first. The efficiency of the process is there¬ 
fore nearly three times greater in the first case. 

Even after the apparatus lias become fully cooled down, and, 
has attained a uniform regime in its wonking, only a small portion’ 
of the air that passes through the orifice is liquefied; *the gredter 
part returns to the pump to be compressed and scnt*through the 
orifice again. Hence it is important to maintain a comparatively 
high back pressure, pi, for* the greater pjirt of the gas, ani^only to 
allow th« portion that is to be withdrawn from the apparatus to fall 
to atmospheric pressure. This is done in a more recent apparatus 
by Dr Linde, in the manner sljown in Rg. 54, "which illustrates a 
laboratory form'. 

There are two throttle-valves, a and o. All tbe’eompresged air 
passf„ 7 ^ through o, but only a email proportion (about qyie-fifth) 
passes also through 5. . Tile passage through a ca’uses a drop in 
pressure from 200 atmospheres to 16 atmospheres, and four-fifths 
of the air in circulation passes bi^k at that pressure through the 
middle one of the*three tubes’cotaposmg the interchaoger to the 

• , • 

' Exhibited a{ the Sociel^ of Arts, March, 1898 (Jour. See. Artt, March 11,1898). 
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puiAp d« The remaining fifth passes through b, and about one- 
fourth-of ft* gathers as liquid in the vaodum-jaoketed vessel C at 
a pressure wfiioh is only so much above that of the atmosphere as 
v^ill allow the liquid to pass out* when the stop-cock h is opened. 



Fig. Bi. 


Tlie pnliquefied orTe-evuporated pa-t of what has passed through b 
/iscapes through the chtermost tube of the interchanger. The 
pump, e takes 'in fresh air from the atmosphere, compresses it to 
16 atmospheres’ pressure, and delivers it so that it mixes with the 
air which is returning at that pressure ^rom the middle tube of the 
interchange!' to the pump d. The pump d delivers air at 200 
atmospheres to the innermost ("ubA of the interchanger through^ 
which it passes to the throttle val^s.' The compressed air, on leaving 
each pump, passes through a epil in a water-cooler which also serves 
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to jacket the pump. A small quantity of wa^er is dravm>in dlong 
the air by the low-pressure pump; arid this, togetfi^ with the 
natural moisture of the air, is ei^tracted as completefy as possible, 
first by means of a separator/, anH then by making the compressed 
air pass through a coil y in a batji of ifte and salt before it goes 
into the interohanger. The interchanger is enclosed in a case ■ 
pacbtd with sheep’s wool. 

The machine circulates about 15 cubic metres of air per hour 
in the circuit from 200 atmospheres to 16 atmospheres. About 
three cubic metres per hour are pumpcd>in from outside, and tffis 
is the amount which passes through the lower valve. About 0'9 
litre of liquid air are formed per hour, with a continuous 
expenditure of three horse-power. 

Application of the Miithod to Extract dxygeu from Air. 

, The firfit application of Linde’S invention as a means toj 
separating the oxygen from the nijilogen of air was made by Linde 
himself, and is included in his patent of June, 1895. The principle 
is that when air is liquefied, the nitrogen, Weing rather th^nibre* 
volatile constituent, tends to evaporate first. Its boiling point is 
only about 13° below that of oxygen, but this difference is'enough 
to cause the liquid air that is left in the vacuum vessel to become 
richer and richer in oxygen as the process of evaporation goej on. 
By letting a considerable part of the liquid evaporate a liquid, 
residue is left which consists largely*^ oxygen. Hence in the' 
later stages‘of tjie evaporation an atmosphere is given off in wKich 
the proportion of oxygen is relatively large. Linde’^ object is to 
obtain, for commercial uses, such an atqjosphere. He effects this 
by dividing the interohiftiger into tw» parts, down whjeh the 
Compressed air streams in parallel (Fig.*55) through the two inner 
pipes, which converge at A. The compressed air goos on through 
a worm in the receiver, B, passes the* throtlSe-valve, G, ipd is 
delivered into J8 in a liquid state. From *he stirfase.of the liquid 
in B, nitrogen (mainly) evaporates, its evaporation bfeing stimulated 
riy worm in B, and this passes off through one of j;he two 
interchangers, going out af N. The liquid in B bMomes Yich in 
oxygen, and this is allowed to pass slowly through the throttle- 
valve, 1), into* the oute» coil •of ^he other interchanger, where it 
evaporates, gives tfp its cold t<f llte incoming air, and passes out at 
0. The gas drawn ftom 0 consist! largely of oxygen.* The supply 
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5 f dompressed air to the two parts of the coil is regxilated by two 
stopcocks at the top, so that the-escaping gases have the same 
teeiperature,* and care is taken tp make that temperature only a 
few degrees lower- than the tem*perature at which the compressed 



Fig. 55. 


air goes in. Notice in. this devi(;e the important function dis¬ 
charged by the«wown in B. It enables the latent beat required for 
the evaporation of the liquid to be extracted from the incoming 
compressed air, wliich thereby-beaomes, in fact, liquefied. This is 
an extension wf the regenerative prinbiple and leads to a great 
economy of power. Wo may say that the principle of interchange 
is here applied to the latent Ijbattof liquefaction as well as to^ 
the heabthat is given.out' in cooling the gas to the temperature 
at which liquefaction takes pladfe. 
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The separation of the two gases is by no pneans compiete*but 
by allowing a rather large proportion of the whole li^u§fiedair to 
escape through N by evaporation from the surface it is practicable 
to get from the 0 tube a gas containing some 50 or 60 per cent, of, 
oxygen. , 

Dr Linde has given me the following figures, dedjiiccd from his 
ownnsxperimenta, which show how the constitution of the Liquid 
changes during slow evaporation. In the Table m is the per¬ 
centage of the whole liquid whi«h remaine at each stage in the 
evaporation; a is the percentage of oxygen in it; 6 is the pS- 
centage of oxygen in the yapour then coming off, and n is the per¬ 
centage of the original quantity of oxygon which still renjains in 
the liquid. 


m 

Per ceut. of 
Uciuid no! yot 
evaporated 

a* 

Per cent, of 
oxygen in 
liquid 

• 

b 

Sur cent, of 
oxygen in vapour 

0 coming o0! 

* 

n 

Per cent, of * 
original oxygen 
still in liquid 

• »0 

2.‘M 

7-5 • 

100 , 

no 

37-3 

1.5 

8C 

30 . 

.50 

* ^3 . 

> 60 

ao 

BO 

34. 

. 52 • 

15 

«7-5 

42 

43 

10 

77 

.52 

33 

5 

88 

• 

70 

1!> 


These results are also given in the* curve* of Fig. 66. 

• . • 
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Thus, for example, by tho time 70 per cent, of the li<iuid. has 
disappear^! in quiet evaporation, the remainder (viz., 30 per cent.) 
contains 60 ^r eent. of oxygen. The gas then coming off contains 
23 per cent, of oxygen. And out of the whole quantity of oxygen 
which was pre.sent in the'originpl liquid 65 per cent, is still there. 
I understand these figures w«re obtained by examining the 
proportion present in the gas given off at each stage: in‘other 
words, the points in the curve b were found by experiment, and 
the other quantities were deduced by calculation (••om these. 

■ ■■ It is only when evaporation is going on very quietly that these 
results hold good. Anything like violent boiling has the effect of 
carrying off the oxygen more rapidly, and cobsequently of prevent¬ 
ing, to some extent, the enrichment of the residual liquid. When 
this method of separating oxygon from nitrogen is carried out on 
a commercial scale, the evaporation 6annot well take place so 
.quietly as it took place in these experiments. Dr IJhde tells me 
that whop working under ;^)ra<:tical conditions he has to allow 
about four-fifths of the liquid to evaporate in order that the residue 
’shhll. contain ^0 per'cent, of oxygen. Even then, howevei, some 
40 to 45 per cent, of the original oxygen remains in the un- 
evapor&ted liquid*. 


Laboratory form of Interchanger. Liquefaction of 
Hyfilrogen by Dewar. 

I • •• . 

Fig., 57 illustrates one of the simplest forms in which the heat 
interchange!’ has been. aiTanged by Professor Dewar for laboratory 
work on* a small scale. A single spir^ of copper pipe, BA, fits 
closely* into a vacuum vefsel, and another vesse] in the form of a 
closed tube from which the air has been extracted fits closely into 
the spiral ‘The annular, space between the two is formed into 
a helix by the spires of the copptr tube,,and up this helix the 
,expanded gase*s p^s alter issuing from the nozzle at the bottom 
of thu tube. Tlje vacuum vessels shelter the coil against con¬ 
duction of heat either from outside qr from the middle space. 

Fig. 58 shows the arrangement used by Professor Dewar to get 
a jet of Uquid hydrogen. The hydrogen, highly coippressed in the 

* Theee m&hoda of BopaUtion are |uperse4ed by an improved method invented 
later by Linde and deeori^ below, pp. 181 et leq. (1909.) 



157 


AFPUCATItMiS OF EXTRKHE (X>Ld'' 

• 

fistsk A, passes first through a coil cooled by c^bonic widsnoV in 
B, then through another cooled by liquid ethylene ih (J, and goes 
on to the third vacuum vessel D>which contains a*long coil serving 
as an interchanger. It expands-at the bottom of this coil, G, _ 
through a pin-hole opened by the«crcw-Valve at F, and escapes at 
E after passing up in intimate cohtact with the coil._ 



Fig. 68. 
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„ ' Propertlfes of Liquid H^rdrogen,'. 

( t 

Since these 'lectures were delivered Sir James Dewar has 
succeeded in obtaining liquid hydrogen in large quantities®. He 
finds it—contrary to the Jjxpectetion that it would have metallic 
properties—t,t> be a colourless transparent liquid of extraordinary 
lightness, with a density about one-fourteenth that of water. Its 
critical temperature is about — 241°C. By evaporation under 
reduced pressure it nl'ay be froien into a trauspareht solid. Its 
properties are best desci^bed in Dewar’s own words®: 

“ Liquid hydrogen is a colourless transparent body of extra¬ 
ordinary intrinsic .interest. It has a clearly defined surface, is 
easily seen, drops well, in spite of the fact that its surface tension 
is only the thirty-fifth part of that of water, or about one-fifth that 
of liquid air, and can be poured (iasily from vessel to yessel. The 
|-i(Juid does not conduct clectncity, and, if anything, is slightly 
diamagnetic. Compared witji &n equal volume of liquid air, it 
requires only opc-fifth the quantity of he.at for vaporisation; on the 
oth'ca.haud, its specific hc.at is six times that of liquid air or three 
times that of.watQr. The coefficient of expansion of the fluid is 
remarkilble, being about ten times that of the gas; it is by far the 
lightest liquid known to exist, its density being only one-fourteenth 
that of water; the lightest liquid previously known was liquid 
' marsh gas, which is six times heavier. The only solid which has 
so small depsity as ,fx) lloaH tipon its surface is a piece of pith wood. 
It is by.flir the coldest liquid known. At ordinary atmospheric 
pressure it boily at -r252’5‘’C. or 20 5 degrees absolute. The 
cYitioal point of the liquid is from 30 to 32 degrees absolute, and 
the critical pressure nolf' more but probably, less than fifteen 
atmospheres. The vapour'of the hydrogen arising from the liquid 
has nearly thfc density of air—that is, it is fourteen times that of 
the gas at the oi-dinary 'temperature. Keduction of the pressure 
by an air-pump ‘urifigs down the temperature to — 258‘’C., when the 
liquidibecomes 'a solid resembling frozen foam, and this by further 
exhaustion is cooled to — 259'5’’C.,br 13)^ degrees absolute, which is 
the lowest steady temperature that has been reached. ■ The solid 
, may also be got in the form oi a^ clear transparent jee, melting at 

• ® This and the remaining pailpajjhs arc added in 1908. 

^ Proceediiiffs of tlA Royal In^itution^ Jan. and June, 1899. 

* Address as I’resident ol the British Assooiatian, Belfast, 1909. 
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ibout 15 degrees absolute, under a pressure of, 55 mm.^ posseting 
ihe unique density of one-tenth*that of wa'ter. * Such oo^ involves 
;he solidification of every gasecvis substance but one that is *dt 
present definitely known to the chemist, and so liquid hydrogen 
introduces the investigator to a woi^ld of solid bodies. The contrast 
between this refrigerating substance and liquid air is most 
remarkable. On the removal of the loose jflug of cotton-wool.nsed 
bo cover the mouth of the vacuum vessel in which it is stored, the 
Iction is followed by a miniature snowstorm of solid air, formed 
b)» the freezing of the .atmosphere at the point whore it comes 
into contact with the cold vapour rising from the liquid. This 

solid air falls into the’vessel and accumulates m a white snow at 

» • # 

the bottom of the liquid hydrogen. When the outside of an 
ordinary test-tube is cooled by iniirtersion in tjie liquid, it is soon 
observed to fill up with solid air, and if the tube be now lifted out ‘ 
a double effvet is visible, for liquid'liir is produced botli initio, 
inside .and on the outside'of the Aube—in the one case by the 
melting of the solid, and in the other by condensation from the 
atmosphei*e. A tuft of cotton-wool soaked ih the liquid an^tlicn 
hold near the polo of a strong ni.agnet is attracted, and ft might 
be inferred therefrom that liquid hydrogen is a mijgnetic body. 
This, however, is not the case; the attraction is due neither to tSe 
cotton-wool nor to the hydrogen—which indeed evaporates almost 
as soon as the tpft is taken out of the liquid—but to the oxygen , 
of the air, which is well known to be sa*magnetic body, “frozen iii 
the wool by'the .extreme cold. • ^ 

“The strong condensing powers of liquid hydrogen afford a 
simple means of producing vacua of veryjiigh tenuity, lyhen one 
end of a sealed tube containing ordinary air is placed for short 
time in the liquid, the contained air acOfUraulates as a seJid at the 
bottom, while the higher part is almost en,tiroly deja-ived of par¬ 
ticles of gas. So perfect is ihe vacuunl thus formed, thqf the 
electric discharge can be made to pass fmly'ovith .the greatest 
difficulty. Another important application of liqliid air, Jiquid 
hyd^.^.jcn, &o., is as analytic agents. Thus, if a gaseous jnixture 
be cooled by means of liquid oxygen, only those constituents •will 
be left in the gaseous state which are less condensable than 
oxygon. Similarly, if this gaieoue reqfdue be in its turn c.poled 
in liquid hydrogen a still further Reparation will be eifSetdd, every¬ 
thing that ns less volatile than hydrogen being condensed to a 
liquid or solid. By proceeding in this fashion i^ has been found 
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possible>to isolate hplium from a mixture in which it is present to 
the extenij of only oVie part in one'thousand. By the evaporation 
of‘8oJid hydrogen under the air-pump we can reach within. 13 or 
14 degrees of the zero, but there or thereabouts our progress is 
barred. This gap of 13' degr^ might seem at first sight in¬ 
significant in comparison with Vhe hundreds that have already 
been,conquered. . But 'to'win one degree low down the scale is 
quite a different matter from doing so at higher temperatures; 
in fact, to annihilate these few remaining degrees weuld be a far" 
greater achievement thaa’any so far accomplished in low tempeiu- 
ture research. For the difficulty is twofold, having to do partly 
with process and partly with material. The application of the 
methods used in the liquefaction of gases becomes continually 
harder and more troublesomd as the working temperature is 
reduced; thus, to pass from liquid air to liquid hydrogen—a 
difference of GO degrees—is,'xrom a thermodynamic point of view, 
as difficult as to bridge the_^gc.p of ISO degrees that separates 
liquid chlorine and liquid air.” 

• r Liquefactio'h. of Helium. 

The liquefaction of helium, the most intractable of gases, is 
■announced by Professor Kamerlingh Onnes of Leyden'. He 
. obtained 60 cubic centimetres of tlie liquid and fqund that it did 
' not solidify under a pressure reduced to 1 cm. of mercury. Its 
boiling point is given as 4’5 degrees absolute—a temperature far 
lower than anything reached before and astonishingly near the 
absolute zero. Its density is 0'15. 

Previous attempts by* Olscewski and by Dewar, using sudden 
expansion after the 'giis under pressure had bedn cooled by liquid 
hydrogen, hed> been unsuccessful. Dewar had also circulated 
helium in a counter-current apparafyis to-obtain cumulative cooling,' 
Jjut he was umible to earry the pi-ocess fair enough through the 
inadequacy of the supply of the gas. 

A ^ 

Occlusion of Oases by Charcoal at Low Temperatures. 

Before we leave the subject of low temperature research brief 
mention, may be made of'the vnportant property which certain' 
porous bodies and especially ‘charcoal have of absorbing largo 

^ The Timet, lal; 20 and August 12,190B. 
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volumes of gas when the temperature is l(jw. This has Been 
studied by Dewar and ^plied«by him to the* product!^ of high 
vacua'. The absorptive power of,charcoal at ordinary temperatupes 
has long been known: at extfemely low temperatures it is , 
enormously increased. A grainm (4 of chwcoal, for instance, which 
will absorb 18 cubic centimetres of oxygen at 0^ C. will absorb 230 
cubi%centimetres, or nearly 13 times ak rAuch, at -18.0°C. .The 
corresponding number for hydrogen .are 4 and 135 at the same 
two tempcrajiures. This property affoids.a convenient means 
ofjinxlucing the highest degrees of cxhai*stion and also of separal- 
ing the less easily absorbed gases, such ,as helium and noon, fi-om 
air or other galeous mixtures. 


Further developments of the method of obtaining Oxygen 
, by liquefying air. Rectification. 

Thanks to a fm-ther irtventioif Ijy Linde the pi^eparation oi 
o.xygen by liquefying air has now become a practicable commercjal. 
process* which is ahvady in use on a large scale and bid^ feir to 
make any cheinic.al method obsolete. It enablcvs practically pure 
o.xygen to be obtained at a very modemte cost. By a further 
extension pure nitrogen may also be obtained, should that product 
be wanted. The separation of. the two constituents of air, wRiiSi 
was veiy imperfect in the earlier process described abqvo, may 
readily be made as complete as is desired? Thig highly.important 
practical result hfis been accomplished by adapting in the treat¬ 
ment of liquid air the process known as rectification which has for 
long been used in distilling, whore it is used to extract splnit from 
the "wash” or fermented wort which is a’weali mixture ofillcohol 
and water. In the still patented by AEneas eoff'ey in l8S0, there 
is a rectifying column consisting of a tall shamber containing many 
zig-zag shelves or baffle-plates. •The wash enters at the top of the 
column and tricikles slowly down, meeting a currpnt of steam ’ 
which is admitted at the bottom and rises up through the shBlves. 
The i?; 5 »wn-coming wash aijd tKe up-gping steam, are tl\,ercby 
brought into close contact and an exchange takes place. At each 
stage some of the alcohol is eva^rqted from the wash and some of 
i|ie steam is condeqped, tBe heat supplied by the condensptioti of 

' Proceedings of the,Royal Imtimnon, jaa. iiaia, bdq aune, is06. 

u 
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the'steare serving to evaporate t\ie alcohol. The condensed steam 
becomes part of the down-coming stream‘of fluid: the evaporated 
alsokol becomes, part of the up-going stream of vapour. Finally 
at the top a vapour comparatively rich in alcohol passes off: at 
the bottom ‘a fluid accumulatgs which is water with little or 
no alcohol in it. A temperature gradient is-established in the 
colucin: at the bottoti the temperature is that of steam and at 
the top there is a lower temperature approximating to the boiling 
point of alcohol. The wash enters at this comparatively low 
‘t'emperature, and takes.up heat from the steam as it trickles 
down. 

In Linde’s device the same general idea is applied in a most 
ingenious manner to separate the loss volatile oxygen from the more 
volatile nitrogen, primarily with the object of obtaining oxygen. 
In the apparatus there is a rectifying column down which liquid 
,air trickles, stai-ting at tha- top at a temperature little under 
- 194'' C. or VA"” absolute, whijih is the boiling point of liquid air 
under atmospheric pressure.' As this trickles down it meets an 
' up-gqing stream of 'gas which consists (at the bottom.) of nearly 
pure oiygen, initially at the .temperature of about 91° absolute, 
that being tiie boiling point of oxygen under atmospheric pressure. 
As the gas rises and comes into close contact with the down- 
qpijiing‘liquid there is a give and t^ke of substance: at each stage 
some of the rising oxygen is condensed and some of the nitrogen 
in the down-coming liquid.is evaporated; the liquid also gains in 
tdmperature. By the .time it reaches the bottom it consists of 
nearly pure oxygen: the nitrogen has almost completely passed 
uoff as gas, and'the 'which passes off at the top, consists very 
laigel,v of nitrogen. Mqre precisely it. consists of nitrogen mixed 
with about 7 per cfcnt. of .oxygen: in other words, out of jihe whole 
original oxygen content of the air (say 21 per cent.) two-thirds 
are brought down as liqhid oxygqp to the bottom of the column, 
while one-thiid passes-off unseparated alolig with all the nitrogen. 
The.oxygen which gathers at the bottom is withdrawn for use and 
is evaporated iil serving to liquefy fresh compressed air, which is 
pumped intd the apparatus to undergo the process of separation. 
The cold gases which are leaving the apparatus, namely the 
oxygen which is the useful prqfluofi, and the nitrogen which passes 
off as v/aste gas at the lop of the column, stro made .to traversfe 
counter-current interchangerd'on their way out, so qs to give up 
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their cold very completely to the incoming oomDre8se(J aft wluch 
is on its way to be liquefied. ’ 

In the diagram, Fig. 59, these counter-curreift intercharifedfs 
are omitted for the sake of clearness, but the essential features of 
the condensing and rectifying apparatu^ are shown. ‘ The figure 
is based on one given in Lindei patent^of JuneJ1902, which 
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describSs claims thf invention by which the process of rectifi- 
catiofi hm' Veen successfully applied in the extraction of oxygen 
IrbiS air, ‘ 

There A is the rectifying column, consisting in this instance of 
a vertical chamber stacked with glass balls, through the inferstices 
of which the liquid trickles down. The lower part B contains an 
accrfinulation of fluid which, when the apparatus has been at work 
long enough to establish a uniform regime, consists of nearly pure 
liquid oxygen. Comjiresscd aii^ which has been cocked by passing 
through a countcr-curi'ent interchanger, enters at C, becomes 
liquefied in the vertical condenser pipes D, whiqh are closed at 
the toj), and drops down into the ve.s8el E. It gives up its latent 
heat to the oxygen in B, thereby evaporating a part of that, and 
so supplying a stream of gaseous oxyj'en which begins to jiass up 
thf rectifying column. On its way up this stream of gas effects 
' an exchange of material with the liquid air which is trickling 
down; g.aseous oxygon is condensed and returns with the stream 
to the vessel Ji, while nitrogen is evaporated and passes off at the 
topvf the column, at N, mixed with some oxygen. The escaping 
gas goes through the iutefehanger, giving up its heat to the 
incoming cwnpressed air. 

The accumulation of liquid oxygen in E overflows into the 
lo*er vessel F, where a supplementary sujiply of compressed air 
entering at G is employed to evaporate it by moans of a similar 
avriuigement of (vmden&sr' tubes open at the bottoni and, closed 
at the top, .this air becoming itself condensed in the process, and 
falling as a liquid into the vessel H. The condensed air from , 
F and 'from H is still* under pressure: it passes up through 
reguldting valves to‘tho top of the rectifying column where 
it is discharged over the glass balls at a qiressure not fnaterially 
above that‘'of the atmosphere. This secures the necessary drop 
in temperature between the bottom aijd top of the column, 

' and allows' the compressed air to play the role of heater and 
evajAirator of the liquid oxygen at the bottom at the compara- 
tively 'high temperature,of abouf 91°,absolute before it enters the 
column. In other words, it not only corresponds to the “ wash ” of 
the Coffey still but it also serves ^ the equivalept of the heater 
by ‘which the liquid at the boDioni of tHe still^gives off an upward 
current of .steam. Gaseous ^oxygen, the product of the linde 
process, passes,off at 0, and the waste gas, consisting mainly of , 
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nitrogen, at N : they both paM through the oounter-currept iifter- 
changer, giving up their* heat to the compressed air*'^ich .enters 
partly at G and partly at 0. It is of course the waste ga^s-in 
this process that form the analogfie of the rectified spirit which is 
the useful product of the Coffey stjll. • 

There is no need to let the li(jaid in overflow into a separate 
VessB! to be evaporated there. The whdle of the evapoijiting 
process may be carried out in B and the vessel F may be dis¬ 
pensed with* This is in fiict done in the apjmratus a< it is 
psactically used by the British Oxygen* Company. Under thflSe 
conditions all the compressed air enters at 0 and is condensed in 
the pipes D: part df the oxygen which it evaporates in con¬ 
densing passes up the column to effect the rectifying action, 
and the remainder, forming the prflduct of the, machine, is allowed 
to escajie through an exit Jujie which opens just above the level of ' 
the liquid. 

In commencing to work the jhaemne me air is nigniy com¬ 
pressed as in Linde’s earlier process, but after the operation has 
gone 6n for some time and a steady state Is approached jjj.fnuch 
lower pressure^is sufficient. It must of course be high oliough to 
make the air liquefy at the temperature of the Ijquid “oxygen 
bath, say 91° absolute, and it is in practice kept higher than 
this to ensure that the drop,in passing through the regulating 
valve may be .sufficient to make good thermal losses dne to. 
leak^e of heat from outside and tfi jimpGrfcct interflhange in 
the counter-cusrent apjiaratus. The pitissure after pacing the 
regulating valve is only some 4 or 5 lbs. per square inch above 
that of the atmosphere—^just enough tif cause the gases^^ escajte 
freely through the countef-current intershanger.. . 

The’essential features in this proceSs ara’l) that the air to be 
condensed is first cooled by a counter-jjuiyent inteichanger to a 
temperature approximating t* that of the evaporation products, 
(2) that it is* then caused to give up*its latdht, heat to the 
evaporating liquid, and (3) that the liquid air is Subjecteito the 
recU^-^dng action of vapour fronf the evaporating lic^uid. , 

For some time after the apparaJus is first started* a high 
pressure is needed to secure liquefaction of the air, and the recti-, 
, fying action is imperfeW, buf as* the .process goes on the liquid 
contents of the vessel B beoomd'^icher and richer in’ oi^gen, the 
rectificatioft becomes more complete, and the jiressure may be 
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mu£fa reduced. U^der practical conditions it-is easy to secure, 
that tile ^s^ous piOducl shall be pure to'the extent of containing 
98i pfsr cent! of. oxygen. The irking pressure, after a steady 
condition is reached, is about 60*atmospheres. Initially when the 
apparatus is- 'stiirted it it, aboi^ three times this, and thednitial 
stages occupy about three* hours,* before the steady output begins. 

I(i the process as crfrrifed out by the British Oxygen Company 
the counter-current interchanger takes the form of a compound 
spiral pipe wrapped round the,rectifying column. ,,Fig. 60 is a 
flfictional diagram showing the general arrangement of the pipes. 
a, a, a are three small pipes which convey the compressed air to 
the apparatus, the whole supply being divided between the three. 
One of the three 'is surrounded by a pipe 6 through which the 



Eig. 60. Arrangement of pipes in ogauter-earrent interehanger. 

C 

\ useful product, the oxygen, is led out. The whole'set is enclosed 
in the pipe c, throjigh wfeich the waste gases escape., There is a 
forc-coolnr kppt cold by' means of carbonic acid which cools the 
compressed air ,suflScientljy to dry it by depositing the moisture 
before •enters the interohanger, aud any carbonic acid in the air 
is extracted by passing io through slaked lim^ or a solution of 
caustic soda before it- enters the compressor. 

, Baly’s Cx^es. 

T\e action'of the rectifying column will be made more in¬ 
telligible if we refer to the results of experiments published in 
1900 bj Baly** which deal'with the nature of the evaporation in 
_ liquid mixtures of oxygen and nitrogen. Given a mixture of 
these liquids in any assigned jprobortion, equilibnum between 

Baiy; Phii. Mag.^ vrt,'. xlix. p. 517» 1900. 
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liquid and vapour* is possible only when the^ vapour^ contaids a 
definite proportion of the two tonstitnents, bift thi8*j)iqjportion is 
not the same as that in the liquid mixture. Say for examplettlmt 
the liquid mixture is half oxygen and half nitrogen, then according 
to Baly’s experiments the vapour 4 )roce^ing from such a mixture 
will consist of about 22 per cent, of oxygen and 78 per cent, of 
nitrl%en. With these proportions there ■v?ill be equilibrium. If 



Pig. 81. 


however a vapour richqr than this in oxygen were brought into con¬ 
tact with the half-and-half liquid, part of the gaseous cwygen would* 
condense and part of the liquid nitrogen wotJd*be evaporated 
untKlfhe proportion giving equilibriumjivere reached. The curve, 
Fig. 61, shows for each proportion in the mixed liquid what is’the 
corresponding proportion in the \^pour necessary for equilibrium; 
in other wohis wh§t is tBc proportion which the constituentsAave 
in the vapour when that is being*4>rmed b^ the evappration of the 
mixed liquiS in the first stages of such an evaporation, before the 
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pro^rtion,of the liquid changes. , In this curve the base line 
speciftes thq" proportion of oxygefi in the liquid mixture, from 
O^olOO per cent., and the ordinates give the proportion of oxygen 
in the corresponding vapour when the vapour is formed under a 



pressuve equal to that of tne atmospheie., Much the qame general 
relation will hold at other pressures, though the form of the curves 
may not be quite the same. ^ • ' • 

It will be seen from tfris that when the evaporating liquid 
mixture is liuuid air (oxviren 2'i per cent., nitroscn 70 per cent.). 
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the proportion of‘oxygen pr( 5 sent in the vapopr that is comin|; off 
is about 7 per cent, or a little Ifcss. 

This is what occurs at thertop of the rectifying coluwn-*m 
Linde’s invention, where the liquid that is evaporating is freshly^ 
formed liquid air, and hence the waste ^ases carry off about 7 per 
cent, of oxygen as has been alitsady stated. Connng down the 
colufcn the liquid finds itself in contacl with gas containing more 
oxygen than corresponds to equilibrium. Accordingly oxygen is 
condensed and nitrogen is ovapomted at each stage in the descent, 
in the effort at each level to reach sf condition of equilibrium 
between the Jiquid and* the vapour with which it is there in 
contact. , , 

Fig. 62 is another form of Baly’s curve, the form, namely, 
in which the results of the experiments ware originally shown. 
There the onlinatcs represent temperature, namely the absolute 
temperature* (in centigrade degrees)’ at which, under atmospliisrip 
pressure, the mixed liqOid boi/s,^ and two curves are' drawn 
which show by means of the scale on the bas^ line the per¬ 
centage tonstitution of (1) the li(pii(l air,*(2) the vaponj;. when 
the conditioq of equilibrium between liqi^id tjnd -vapour is 
secured’. A horizontal line drawn across the eprves* at any 
assigned level of temperature shows the composition of vapour 
and liquid resjjoctivcly for temperature, when th6 tw» are 
» 

^ 'fife following Hgurou uru given by Baly: 



Percentage Oxygen ^ 

Temperature 

• 

* In Vapour 

• 

In Liquid 

• 



• 
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0 

*• 0 * 

78 
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79 
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80 
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82 
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83 
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in dqnilibriuRi, Tfjjting an intermediate point between the top 
and bdtto][n of thd rectifying column, where the temperature 
hat. that value,•-we should Bud'the respective compositions of 
^ liquid and vapour there to approximate to the values found 
from the two curves, thit approximation being closer the' more 
slowly the liquid trickles down dnd the more intimate the contact 
between liquid and gas.' ' 

If a similar condition of equilibrium holds at each stage in the 
process of liquefying a mixture of the gases these curves may also 
be taken as showing what is the proportion of the constituents in 
the mixed liquid at each stage as condensation of the mixed gas 
proceedp. Thus when air containing 21 per cent, of oxygen begins 
to liquefy the liquid initially formed should, under equilibrium 
conditions, be much 'richer in oxygen: its proportion according lo 
the curve is 48 per cent. 

. ' I’hese conditions are approximately realized when the process 
known as “scrubbing” is resorted to in the liquefaction of air. 
By this procesp. which will be presently described in the form in 
which, ’t has been practically carried out by Claude,'a partial 
separation betweeq the two constituents is effected during the act 
of Hquefactiop. 


Complete Bectlfication. 

In Linde’s invention of”l902 the rectifying prooeps is incom¬ 
plete, foiv although the process yields as pure oxygen as is desired 
it leaves a part^of the oxygon to escape in the waste gas and it 
does not- 'yield pure nitrogen. In a commercial process for the 
manufiict.ure of oxygen this is of no consequence: for the raw 
material costs nothing and the nitrogen is not wanted. But a 
modification Of the process enables separation to be made sub¬ 
stantially complete, should it be desired to complete it, and allows 
approximately pure nitrogen to be obtained, as well as oxygen. 

This modification consists in extending the rectifying column 
upwards- and i,n supplying it at ‘the fop with a liquid rich in 
nitrdgen. To do this Linde himself proposed, in 1903', to liquefy 
> a portion of the impure nitrogen, i^hich formed the waste gas of 
the rectifying column, and then tb lejb it trickle down the extended 

i British Fstent No. 11821, Msjr 1903 (LighUoot). 
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part of the column, to give,supplementary jectification. This 
liquid containing originally say 7 per cent, of'oxygeh gives off a 
vapour containing some 2 per oent. only. Hence t& procass-of 
rectification is at once advanced tS a stage which leaves only 2 per 
oent. of oxygen in the escaping gas r, then by condensing some of this 
gas and using it as the liquid to be^upplied at the top of the column 
a further stage is reached, and so on, until the rectifying process 
ultimately becomes complete and the escaping product contains 
practically na oxygen at all. » • 

• In the idea of supplementary rectification by means of a liquid’ 
rich in nitrogen Linde was anticipated by a patent of the Soci6te 
pour I’exploitation dSs procedds Georges Claudeh This patent 
describes a fractional method of liquefaction which separates the 
condensed material at once into t\fo liquids, one containing much 
oxygen and the other little’ except nitrogen. The latter is sent to 
the top of Ihe rectifying column, vfhile the fonner enters the, 
column at a lower point, appropriate to the proportion it contains 
of the two constituents. Practically pure nitrogen passes off as a 
gas attheftop, and practically pure oxygen f?om the bottoiii,. 

Fig, 63 is ^ diagram showing •this modified process-ifi a form 
which it took somewhat later^ The counter-current iptercHangers 
which are of course a part of the actual apparatus are oinitt^ 
from the diagram. •, * . 

Corapres^d nir, cooled by the iiiterchanger on its way, enters the 
condenser at A. The condenser consfcifie of two sets of vertical 
pipes, communiiiating at the top where they all open jpto the 
vessel B, but separated at the bottom. Thip centjal pipes, which 
open from the vessel A, are one set: the other set form,a ring 
round them and drain intd the vessel G.» Both sets are immersed 
in a bath, 8, of liquid which, when the ifiachise is in full operation 

' British Patent No. SS682 of 1903,AaUinK date 8 ifan, 1903, that being the date 
of the first foreign apjliotftion. The same idea k alsa.foned in a patent by 
E. J. Levy, No. 6649 of 11th March, 1903.’ . * 

s As desoribed by Q. Olande in a note commnnicated to tl^e Freneh Aoa<kmy of 
Scielfr^;4 {Comptea Bendua, 20 Nov. 1906).* In this note Claude ascribes tl^p earliest 
suggestion of supplementary reotiSeation by a ii(^id consisting almost eiAirely of 
nitrogen to his colleagues, Messrs Helbronnfir and Ldvy 

“Je crois inWnessant d’ajonter qag la»premi6re id6e de i'dpnisement dee gaz 
ivaporists par lenr lavage final Ivec des liqifides trts panvres en oxygtne, en une de 
les ramener & I’dtat d’azote pnr, a 6tl etprimde poui la premitre* foil par mes 
coUaboratenrs, JIM. A. Heibronner et B. LOTy.” ' 
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consists (as in the, earlier Linde Inaohine) of nearly pure oxygen. 
The condensation of th6 compressed air'Causis this.o^gen to be 
evaporated. Part of it streams up the rectifying^coltnfh D, to be 
condensed there in civrrying out the work of reotification and conse¬ 
quently to return to the vessel below, fhe rest of tlje evaporated 
oxygen, forming the useful product, goeS off by the pipe E at the 
side* In these features the apparatus is substantiaHy the same as 
Linde’s, but there is a difference in the mode of condensation of 
the compre^ed air. Entering aj; A it firs^ passes up the central 
group of condenser pipes and the liquid which is formed in thaqp 
contains a relatively lajgo proportion of oxygon. This liquid 
drains back into tte vessel A, where it collects, and the gas 
which has survived condensation in these pi^es goes on’through 
B to the outer set of pipes, is •condensed in them, and drains 
into the other collecting'vossel G. It consists almost wholly of 
nitrogen. Then the liquid content* of G are taken to the t»jj of 
the rectifying column, while tho^t of A enter the columh lower 
down, at a level L, chosen to corr(fcpond with the proportion of 
the eonitituents. The result is to sccuse practically complete 
rectification, and the second product of the machine—comiuercially 
pure nitrogen—passes oft' at the top through the pfpo N iind may 
be collected for use if desired. * • 

The action in the central pipes of the condenser is tg be inter¬ 
preted in the [ight of Baly’s curves. The first portions of tfie air 
to be, condensed trickle down the sidgs of those pipes and are 
“scrubbed" by the air as it .ascends*:, that'is to iay they are 
brought into such intimate contact with the asconding*air that a 
condition of equilibrium between liqmd *and vipour is at leqst 
closely approximated to. • The conditioi^ of equilibrium when gases 
of the«composition of air are being cosdonsdd requircs,rts we have 
seen that about 48 per cent, of the liquid should cqngist of oxygen*. 
Accordingly the liquid whicl^ collects *in the vessel A is of this 
degree of richness, oi^ue<ar it. And by makings the condense’r pipes 
long enough it is clear that little or no oxygon will *be loft to pass 
through B into the other»pipes. It is trUfe of course that in 
the upper.parts of thc.celltral pipes tlfe liquid thal; is formed con¬ 
sists largely of nitrogen, but as this trickles down the pipe in 

• * 9 * * 

^ That proportion, as hal beoo points out^in speaking of Bale’s ourve^, relates 

to experiments made at atinoBpberi(fprtiBsure. At the higher pressor^ under which 
oondensstion takes place in Glaade's ap^ratas it may not te exactl; the earns. 
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whifh it has been condensed there is a give aqd take between it 
and the ast^nding gas, precisely analogous to that which occurs in 
a rectifyid^ tolumn, and when the liquid reaches the bottom it has 
been so much enriched in oxygen as to be nearly or completely in 
equilibrium .with the gaseous air, and therefore contains .about 
48 per cent. 

When thrf 48 per cent, liquid trom A is discharged into the 
rectifying column at L and begins to evaporate it produces an 
atmosphefe which ha^ the con^osition of air (21, per cent, of 
9 *j'gen). Hence the par( of the column which extends above thjs 
point has for its function to reduce the, percentage of oxygen in 
the ascending gas from 21 per cent, to nil, and this 'is done in the 
'second ttagc of rectification, by means of the liquid from G which 
consists almost wholly of nitrogen. 

Kevlew of stages in the Invention. 

To review briefly the chief stages in the invention, as a 
commercial process Iqr liquefying air and thereby sepai^itipg its 
constituents, we have first the invention by Siemens of the 
counter^currefit interchanger as a means of reachiilg an extreme 
degree of c(fid by accumulating the effects of a step-down in 
temperature, which in his case was produced by allowing the air, 
previously compressed, to expand' doing external work. But 
'neither l^e nor Solvay, who took up the same' method later, 
succeeded in reaching a temperature low enough to liquefy air, 
being prevented by the practical diflSculties of lubricating the 
expansion cylindier and of keeping the working substance from 
taking up heat either geiierated by fiic,tion or conducted in from 
outside the systerii. . 

Next came Linde*6' fundamental invention of 1895, in which 
the step-down in tem'p.eKituro was achieved without external 
work,'by taking advantage of the Joule-Thomson effect of ex¬ 
pansion through a throttle-valve. Combining this step-down with 
the oofinter-current interchanger, Unde was successful in lique¬ 
fying air on a commerciaU^scale and then obtaining, by partial 
evaporation, a mixture rich in oxygen (in either a liquid or 
■ gaseous state) which was put 'to prarious practical uses. The 
result; however, still fell a loag wqy short of yielding commercially 
pure oxygen, and for that reasonihad a very limited application. 
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Seven years later, in 1902, cdme Linde’s brilliant lurtheiiiin- 
vention of the rectifying pK^ess. Bydihis,Ifor the^fiist^ time, 
oxygen in a state of practical purity was obtained SoAmerjiaify- 
from air by a mechanical prooess at a cost whicL compared 
favour|ibly with that of the chemical jjrocess formerly in use. 
The separation of the constituents of air was not, however, 
oomH^ete, the other product being niirogen with’which about 
7 per cent, of oxygen was still mixed. 

Early in the following year this was followed by the invention 
of supplementary rectification by means o/ a liquid rich in nitrogari 
—an idea which seems to have occurred independently to several 
inventors (LeTy and Helbronner, Claude, Linde). It enabled 
complete separation of the constituents to be? achieved, yielding 
as_ a commercial product practically pure nitrogen as well as 
practically pure oxygen. > 

Finally, jm apparatus which allowed this supplementary reoti^- . 
cation and complete sepq.ration to be carried out with' great' 
simplicity and effectiveness was devised by Claude, the distinctive 
featurq iq it being the fractional condensation of the compre8sed> 
air. Using a condenser divided into two parts with coffdenser 
tubes so arranged as to “scrub”'the liquid thaUis fiVst forjned, by 
making it drain back in contact with the gas which is proceeding 
to be condensed, Claude 'collects the liquid in two portions, one of 
which contains some 48 per 'cent, of oxygen and the other is 
almost wholly 'free from oxygen. By jising the two Uquids in • 
succession he makes the process of reciiification complete, 

I * - 

Commercial Uses of tli4 Products. 

>1 

. It w unnecessary to refer in detail tq the num'erous cosimercial 
uses of oxygen for medical purposes, for tfie “ lime ” “light and 
generally for stimulating combustion in /Metallurgical and other 
processes. With hydrogen, with coal ga 8 ,.and^mo 5 e recently'with 
acetylene, it is employed to furnish a blow-pipe flajne’of very high’ 
temj^rature which finds many engineering applications in wMlding, 
patching and so forth. The maximuD> temperature in t^e oxy- 
acetylene fihme is estimated to be about 3500° C. A fine jet of 
oxygen serves tas a means ofysutting iron by extremely localised 
fusion when a temperature su^cientlyhigh to start tlje rmtioh has 
been reach^ at the place where«cutting Is begun.. A blow-pipe 
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flamts, employing any combustibl6 gas such as acetylene Or coal-gas, 
is useijl in first linstftnce to hea^ the'metal to redness at the 
place,-whefe^ft is, to be cut, and then the cutting process is carried 
out by means of a jet of oxygeu alone, the metal itself forming 
the combustible. 

An interesting applicdcion oh the liquid rich in oxygen which 
Linde obtained in 1896 by the partial evaporation of liquefied 
air was made by that inventor, in using it mixed with carbon 
or other combustible ,matter to .furnish an explosive. To make 
the explosive Linde popred the liquid containing say 50 ppr 
cent, of oxygen on fragments of wood charcoal two to four 
cubic millimetres in size. These were kept ffom scattering 
under the ebullitioh of the liquid by mixing them into a sort of 
sponge with one-third of tho»r weight of cotton wool. The 
mixture had to be exploded in a few minutes at most, other¬ 
wise its power disappeared tli"ough evaporation of the liquid. In 
more recent experiments conducted in the cutting of the Simplon 
tunnel this explosive was imtde up into 3 cm. cartridges: it con¬ 
sisted of one ][)art carrbon and one part petroleum and took up 
about'eight parts of liquid oxygen. Such an explosive h.TS the 
merit of cheapness when it can be made in largo quantities and 
u^d close to the place of manufacture, but the drawback that it 
must bo.used so soon after mixing,is probably tbo' chief reason 
why it has not found .any extended employment. 

A use which promises, to be important has been found for 
the nitrogen obtain'od by tcctification from liquefied air—namely 
in the manufecture of calcium cyanamide to serve .as an artificial 
nitrogenous m.afiuro, by the process of Messrs Frank and Caro. 
In tha^’ process the cyqnamido is formed by passing gaseous 
nitrogen' through rdtorts (containing calcium Rirbide hqated to 
about 800° Cf, .when the nitrogen is absorbed. 

In places where abundhnee of \jater power enables the carbide 
to be cheaply obtjiined'it appears that this nitrogenous manure 
can be manufivetured at a profitable rate, and during the past 
three years plants for carrying out the process on a fairly large 
seal? have beeft erected at'-Piano d’ OrtfA in Central Italy, at Odde 
in Norway, at Martigny in Switzerland, at Brianuou in Savov. and 
‘ in several other places. 
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Liqne&otlon of Air by means of expansion doidg work. 

It remains only to notice a further invention by L'laudc which j 
accomf)Ii8hcs the result aimed at’unsuc^essfully by Siemens and 
by Solvay. Claude found that the , difficulties .attendant on 
expansion in a working cylinder down to a temperature belo'^ the 
critical point of air could be overcome by using certain hydrocarbons , 
as lubricants! A hydrocarbon siich as petfoleum ether does nj?t 
solidify but remains viscous at temperatures of —140° or even 
— 1C0°C. Accordingly it sciwes as an effective lubricant when its 
temperature has become reduced to these low Ici’els, and it can also 
be made to serve in the earlier stages of the operation, when the 
cylinder is less cold, by mixing it with a greater or less quimtity of 
some more congealable subsUnce such as vaseline. , 

Using a lubricant of this kind Claude has succeeded, as a toUf 
de force of experiment, in liquefying air by direct expansion in a 
working cylinder. When the liquid begins to form.it serves itself, 
as a lubridant and the process may then bo continued without intro¬ 
ducing any special lubricating material. The etf'piency, however, is 
too low to make this direct liquefaction by expansion commercia'ly 
useful: the p^ortion of the quantity of air liquefied to the power 
expended compares unfavourably with the proportion in Liitde’s 
process, where the air does no external work in its expansion. . 
There is in fact very little to be gained mak<ng the gas do work 
when its condition approximates closely tci that of a I'quidi 

But a much more economical result has bc?n achieved by 
Claude in another way. He makes pai-t of the compicsed air 
expand in a working Cylinder to a tempehitur^ which may be just 
below thfe critical temperature of air, and he awiploys the air cooled 
(but not liquefied) in this way to act as a cooling' dgont on the 
remainder of the air, with theltesult that it is liquefied under the 
pressure at whidh it is supplied to the apparatus. 

The arrangement in its simplest form is ..shown diaj^^ram- 
matitilly in Fig. 04. Air is yippHed at a pressure of 40 atmospheres 
or so through the central pipe of the counter-current iuterchanger 
M. Part of i^ passes into the expansion cylinder D, where it 
.expands doifig wor^ and ih then disChaiged through the condensing 
vessel L where it serves as to. cooling'agent to, maintain a 

B. B. " • 1*2 
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■ temperature somewhat lower th&n —140° C., the critical tempera¬ 
ture of air. The rcinainder of the go'mpreesed air enters the tubes 
of. Land fs^eondensed there, under pressure, dropping as a liquid 



r-Fig. 64. 


r. , 

into the chamber below from Which it can be withdrawn. The 
■temperature in D is qot allowed at any time to go below the limit 
at which lubrication can be carried on effectively by using a 
suitably hydfocarhon. ' ' 

'• In a further develop'mcnt of this invention Claude makes the 
exp'insiop compound and allows the expanded gaa,.to servo as a 
cooling agent after each stage, becoming itself warmed up in the 
'■ process ^nd thereby prepared to suffer further expansion without 
such an excessive fell of temperature as will endangci; lubrication, 
or bring'tho gas in the cylinder so near to the liquid state as to 
qiake expansion! of little }}se. 

Thef irrangemeht with compound expansion is illustrated in 
the diagram (Fig. !>65).' . Air under pressure ..enters as before, 
through the centraP pipe of M. Part of it goes to the first 
expansion cylinder A‘, .does work there and passes at reduced 
pressure and a^a tgmpcjrature below the criiic%l point through the 
'outer vessel of .the condenser in the inner tube of which some 
of the compressai air is being condensed. This warms up the 
expanclM air to some extojit, and it thsn passes on to complete its 
expansion in B, which again brings'its teiuporaturfe down suf- 
* ficicntly to allow it to act as condepsing agent for- the remaining 
portihn of the air under pressure^ iq the second exmdenser L,. This* 
division of the expansion into two (or it may be more than two) 
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st&gsB is e^uivftlsut to inokiui^ uuc ^juwdo aa 9 tvuuAc ^vr& n^rly 
isothermal, so that it need nolf at any stage deviate »^ry widely 
from a temperature just suffiaently below the ciitical <point 
to allow liquefaction to go on utder the pressure at which the 
air is •supplied. • 



In Linde’s method of liquefying air without causing it lo 
do any extortidl work the o,ptput of liquid air generally rapgcs 
from ()‘3 to 0^5 litre per horse-power hour. With Clamle’s, 
device,^ using a single expansion cylinder, it may be aif high as' 
0'66 'and with ^compound expansion tfiie figdip may be rai^d 
to 0‘85’. Treating oxygen as the working substance the out¬ 
put is somewhat greater, and the highej entijal J)oint of oxyge* 
(-118°C.) allows expansion to be carijed outjunder soyiewhat 
more fayourable ctoditions, by making it unnficessary tqContinue 
exjiansion to so low a temperatdre as is required.ij the case of 
air®. , * - ' 

So far as concerns the commercial efficiency <)f processes for the^ 
separation of oxygen from nitrogen in air it majt be questioned 
vhefy^r there is any very material gain in substituting ei^ansion 
in a working cylinder for dkpansion thiBugh a throttle-valve. . In 

^ Claude, Compies liendus, 11 June|^904. 

, ^ Claude, Complex J^endus, 92 Oot. 1900! Se« alsg an article by Professor E. 

Mathias in Revue g^nirale dea Sciences* 19Sept. 1907,%bich contains anlntercsting 
account of the^hole subject of the industritl liquefaction of air. * ^ 

. • •’ 12—2 
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the-initial stages of the operation, while tlie plant is De...g cwled 
down.thei/m4 be to ecl^nomy inits use, 6ut under the 
of. steady oulpufr in apparatus ot the type represented in Fig. 59 
or Fig. 63 it does not appear likely that the advantage to e 
looked for in' the use oi expapsion with external woA oan be 
s,ufficient to compensate for the added complication in the process. 
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Entropy and the Entropy-temperature Diagram, 


Let rejYesent j)he small change in entropy which’a substance 
undergoes in taking in a small quantity of heat SQ at the absolute' 
temperature T. Then by the deQnition of entropy given in the 
text, for any reversible clymge of state, 



Hence ' TStfi^BQ, 

and ^ ^ fTd<t> = JdQ, ^ 

the integration being performed between any iissicned liaTita 



^2Jt ab be any portion oft a curve drawn with entjopy and 
temperature as coordinates. The narrow cross-hatched atrip re¬ 
presents a change occurring at temperature T. Its area is^ 
TB(I> and is accordinglj»equa# to^SQ, the heat taken in wh^le the 
substance undergoes this chdhge. Summing up tlid aroos of all 
such successive strips we see that the whole area uilder tl^e curve 
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or flfcilin .represents the whole heat token in while the substance 
change frofc U to 6»thro‘hgh the states wKich the curve ah repre¬ 
sents.,, Similarlji, if the substancf. passes from state h to state a 
by a process represented by the Hne ha, it rejects heat equal to the 
area nbam. Ifhe base line in tlje diagram, OmnX, corresponds to 
the absolute zero of temperaturet 

WJien an entropy-tfcm'perature diagram is drawn for a "com¬ 
plete cycle of changes it forms a closed figure, since the substance 
'returns to its original.state. To find the. area of the figure we 
hate to integrate throughout the complete cycle, obtaining, in 
any reversible cycle, 

where Q, is the heat token in and Q, the heat rejected. The 
difference between those is the heat equivalent to the work spent 
on'the substance, if Q, is greater than Qi, or converted into work 
if is greater than Q,, sinpe 'in a complete cycle the equation 
ijpplies 

«• 

Heat token in = heat given oqt + wmk done by the substance. 

Thus the entropy-temperature (inigr.am has the important property 
in comnicn with the pressure-volume diagram, tteit the area of 
,the completely enclosed figure is a measure of work. But this is 
'true only' when there is ,no irreversible stop such tis exp<ansion 
thr<|ugh a throttle-valve.' In the entropy diagram the work so 
meastiredf is, of course, expressed in therm,al units. 

• When_the substpnee expands in an irreverdhle manner, as by 
passing .through q throttlq-valve from a 'region of high pressure to 
a region 'of lower pngMure, it gains entropy. Work is then done 
by the substonee on itself, namory in giving energy of motion to 
each particle as it passes through the valve, and this energy of 
motion is firijyteied.'Jowli into heat as the motion- subsides. We 
may regard expansion through a throttle-valve as equivalent to 
two stages, namely (1) expansion, doing work, and (2) the com¬ 
munication to the substaSce of an ainount of heat qqual to the 
work done in stage (1) which is to be taken as converted into heat 
forth,e purpose. There is accordiri^ly a.gain of entropy, though 
in the result no work is done outcide the substance and no heat is 
rejected or token in from outside. 
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Theoretical Performance ift the 2Bell-Coleman Cycle. 


the substance takes in hciit in becoming wanned fi'om the 
temperature Tt (at which it is discharged into the cold chamber, 
after expansSon) to th6 temperature T, at* which the chamber^is 
Thaintained, It rejects heat, to the circiflating water of the coSof, 
in passing fn^pi the^tempcnitrirc T.^, which it reaches at the end 
of compression, to T,. Treating those transiers of hea4 as, ap¬ 
proximately, occurring at constant pressure, and using A'j, to 
denote the specific heat of air at constant pressure, we have 
Heat taken in, Qt=K,,{Ti — Ti), 

Heat rejected, <^ = A,, (Tj — Tj). 

Further, since the range of adiabatic exininsion is the same as 
that of ivJiabatic compression, 


T T 

Hence • . • and 

la IJ • 


i\ 5v . 

T.. - T, _ Tjr- ^ 

~“7’. • 


From which 


. 7a ■ 

«;"7’a"?V; 

The thoorcPical co-efficient of performance in*tlKsi;ycl«, which is 
% or » 

W Q,-(h 

may a(jcordingly be written , 


3’a_ • T. 

— 71^-2^’ 

A “perfect” maShine, working to Iransfci'•hejt from the 
chamber at to the cooling watet at would have fbi^its co- 
effK-,;.ent of performance the vajuc 

T^ 


which is Irigher than thfe theoretical performance in the foregoing 
cycle, since T’j-i’, is greater %han The'difference in 

eflBciency 'arises from the fact that in the Bell-Colepian cycle 
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the air iS cjiilled to a li^it considerably Jowei' than that of the 
cold cKamV&j, and further there is an irreversible flow of heat 
when’the ait, aftbr being heated^fliy compression, is brought into 
,contact with the circulating water in the cooler, the effect being 
to reduce its" temperature from'Ta to T^. This last source of loss 
may be to some extent ^removed by cooling the air during 
compression. 

, The theoretical ratio, of volumes between the compression and 
expansion cylinders id the Befi-Colemari cycle (assuming the 

« •' » y *1 

compression, and expansion to be adiabatic) is which is equal 

T T ' ■ 

to ^ or In plactice the ratio of volumes is generally about 

1'8 to 1, but may be'as low as 1*'5 to 1. 


APPENDIX C. 

' Actual Ferformaupe. In Air 
• / 

' In an early example described by Lightfoot {Min. Proc. Inst. 
G. E,. 1881) the following data are stated. The Cylinders were 
,27 and 24 inches in diameter, with a stroke of 18 inches, working 
at 62 revolutions per minute^ The ratio of volumes was accordingly 
l’5‘;to ly ^he air was compressed to 65 lbs. .absdlute. The 
temperatures "were: 

On entering codipression cylinder 52° Fahr. 

On leaving compression cylinder 267° Fahr. 

'On entering; exjfcmsion, cylinder 70* Fahr. 

Onf leaving expansion cylinder — 82° Fahr. 

The indicated H.F. in the compression cylinder was 431, in the 
expansion c^linfler''''28'0. The difference or net i.H.p. expended 
was aceordingly 151, and to provide this (as well as the work 
spent on friction) the st^am cylinder, did work at the rate of 
24’6' i.h'.p. The volume of cold air passed through the machine 
. was 15,000 cubic feet per hour, .^.nd its weight was, 1620 lbs. It 
was lowered in temperature from'52°to — 82°, or J34°FaHr. Taking 
the specifle heat Kp as 0-2375 tljik represents a refrigerating effect 
of 31-8S X ,1.620 or 60,800 thermal units per hour, which is the heat 
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equivalent of 20 horse-jower. If these data %re correct it appears 

that the practical co-efficient of performance wm or nearly 

0’8. In a later pAper Mr Lighfifoot' gives data which bring out 
a co-6fficient of (fl in the best instances. 

In Professor Schrbter’s trials of a Bcll-Coleman machine the 
restBts were less favourable. The refrigerating effect in, these 
trials was 0'58, 0'57 and 0'56. The figures in trials by various 
observers ape not very accordant, but it appears that under usual 
Conditions the co-efficient of performance in machines of this SaSs 
ranges from P'5 to 0'7, a number which falls very imich short of 
the theoretical figure calculated in the nyinner deseriVied ir) 
Appendix B. 
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/ 

Tables of Properties of Ammonia, Sulphurous Acid, . 
Carbonic Acid, and Water Vapour. 

» 

In the following tables the figures giten by Mollier are follojyed 
for the most part®. Metric units are employed throughout. They 
are much the most convenient units to use, especially in calcula¬ 
tions regarding theoretical performance. It may lie useful to givif 
hers !i nuipber of constants for convefsjbn to British umta 
1 degree 0. = 1'8 degrees Fahr. * 

1 kilogramme = 2‘2047 lbs. > 

1 kg. per sq. cm.= 14'22 lbs, per s(p ind 
1 cubic metrp = 61,0^2 cubic inche# = 3^818 cubic feet. 

1 cubic metre per kilogramuie = 2f,678<eubic inchtS per lb. 

1 calorie = 3'9685 British thermal jinits. * • 

1 calorie per kilogramme * 1'8 British thermal units pe« lb 
1 kilogranImetre = 7'2331 foot-pounds. ** * •• 

^ I metric hoiso-power = 4500 kilOgrammetr^s per rainuio 
■ ’•*' f = 32,^49 foo^ounds per, minute 

± 0'9863 British horse-power. * • 

* Proc. Itut.’Ute. Png. IgSS. 

® Untenmimngamtn KlUtanatehjiten vencHledener Syiteme, i,,18S7, p.!165. 

3 •< Ueber die kBlorisoben Eigensohst^n der Kohlenaailre und anderer teehnisoh 
wichtlger Dlmpfe." {Peittehrift fUr die geeammte KSUe-IiidmtAe, 1895J 
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Entropy^ which.has the dimenajons pf heat per unit mass 
divide<? by^tcmperaflire, is expressed by the same number in both 
systems of units,* , • 

The heat and entropy of the liquid are reckoned as zero at 
0 ° C.; consoq^icntly for Ifcwer temperatures the'So quantities are 
uegative in the tables. To find 'the absolute temperature T add 
273 W the temperature'on the centigrade scale. ^ 

The values of the entropy of vapour (^) and liqidd {<^') are 
connected by the equation « 

■ < , r 

<I> = 4‘' + 2” . 

where r is the latent heat. 


PropertUa of Ammonia, (NII 3 ). 


;cf *J 

PreBRure 
in kg. , 
per eq. cm. 

Volume of 
Katnrated 
vapour in 
cubic nutres 
per kg. 

of 

liquid in 
calories 
per kg. 

■ > , 

Latent heat 
of saturated 
vapour in 
calories 
per kg. 

Entropy 

Liquid 

Vapour 

. 

j> 

V 

? 

r 


<!> 

-40 . 

l)~‘2 

1-602* 

-33-36 

.332-7 

-0-,!32 

1-296 

- 35 

0S)3 

1-2.57 

-29-48 , 

- 3.31-8 

-0-116 

1-278 


]-li» 

0-998 

- 2.5-51 

330-6 

-omi 

1-262 

- '2r) 

) •.•)] 

0-8()0 

-21-47 

329-1 

- 0()83 

1-214 

-20 


0-646 

17-34 

327-2 

-()-r)f5G 

rw 

- i'f> 

2-37 

.0-525 ■ 

-13-13 

324-9 

- Q-050 

1-209 

-10 

'2'92* 

0-432 

- 8-13 

322-3 

- 0-0.33 

1-193 

- 5 

:P5K 

, 0-358 

- 4-47 

319-4 

-0-017 

1-175 

. 0 

4-35 

0-,-/98 

ft ^ 

316-1 

0 

1-1.58 

t) 

‘ii-24 

0-2.50 

4-54 

372-5 

0-017 

M41 

10 

• (i-27 

• 0-^11 

9-17 

308-6 

, 0-033 

1-123 

l.'i 

7445 

0-18p 

'• 13-87 

304-4 

0-0.50 

■1-107 

20 

8-79 

0-154 

18-efc 

299-9 

0-066 

1-089 

2.5 

10-.31 '■ 

0-132'' 

, 23-53 

296-0 

0-083 

1-072 

•30 

12-01 

0-114 

28-49 « 

289-7 

0-099 

1-055 

.30 ‘ 

13-91 

.- ft,099 ■ 

33-52 

284-0' 

• 0,-116 

1-038 

•- 40 

16-Of* 

«__ 

0-087 

38-64 

278-0 

0-132 

1-020 


I. 


The Volume of the li(iuid (e') may be. taken as nearly constant 
pnd equal to O'OOIC in cubic metres per kilogramm.e throughout 
the range over which the table eutenlis. 

In supferheating at constant pfemre, the specific heat of the 
gas mayibq Jtaken as 0‘608. 

* t 
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Propertiit of Svjphwrous Jfcid ^ 0 ,). 


Tempp 

‘’C. 

• 

Pressure 
to kg. 
per sq.cm. 

"Vtilume of 
^saturated 
'vapour in 
cubic metres 
per kg. 

» 

Heat of 
liquid in 
calor^s 
per kg. 

Latcntheat 
of saturated 
valour in 
(^lories 
per kg. 

’-1-1- 

Entropy 

Liquid 

Vapour 

i 

; 

■p. 

V 

1. 

r 



-40 

0'222 

1-305 

-11-94 

96-10 

-0-0472 

0-.3(!ilSl, 

•-35 

0-297 

1-012 

-10.55 

1)6-08 

-0-0413 

0-3624 

-30 

0-391 

0-794 

- 9-31 

95-89 

-0-03.-vf 

0-3,592 

-25 

0-508* 

0;629 

- 7-68 

95-59 

-0-0295 

0-3557 

-20 

0-652 

0-503 

- 6-20 

95-00 

-00236 

,0-3519 

-15 

0-826 

0-405 

- 4-70 

91-30 

-00177 

0-3478 

-10 

1-037 

0,329 

- 3-1Q 

93-44 

- 00118 

0-34.36 

- 5 

1-287 

0-269 

- 1-60 

92-40 • 

-00059 

0-3389 

0 

1-.584 

0-221 * 

0 

91-20 

0 

0-3.341 

5 

•1-982 

0-183 

1-62 , 

89-83 

0-00.59 


10 

2-3:A 

0-152 

3-28 

88-29 

0-0118 

/).32afe • 

15 

2*807 

0-127 • 

i-fiJS 

86-68 

00177 

■0-3183 

20 

3-347 

0-107 

6-68 • 

84-70 

0-()230 

0-3127 

25 

3-964 

0-090 

8-42 

82-65 

^‘0205 

0-3068 , 

30* 

•4-666 

0-076 

10-19 

80-44 

0*03.54 

0-3009 

3.) 


0-005 

11-99 

7805 

0*(M13 i 

' 0-2947- 

40 

6-319. 

0-055 


75*50 

• 

1 o-fma’ 

* 

0-2884 ! 


The volume of the liqui(J («') may be taken as nearly constant 
and equal to 0'p007 cubic metres per kilogramme, throughout the, 
range .over whicli the table extends. , , * • • ' 

• . ■ t i • 

• . » 


Moisture'emtained in Saturated Air. 

* s 


■ ■ 

Temp. “0. 

* 

4 

Moisture in 
grammes 
per cubic metrt 

« • 

4 _ 

# 

Temif. °C.* 

» 

^ -- 

Moietj^ro in 
grammes 

per cubic metre , 

•. *• • 

-20 

1*10 

•20 

, 57-18 . 

- 15 

1-62 • 

25 

22-87 

-10 

2-3k 

30* 

.39-16 *. 

- *6 

•3-4P 

36 

,39-46 

0 

4-88 

40 

60-96 

5 • 

6-81 , 

45 

6.5-19 

*10 

8-37 

‘ 50 

82-68 • 

15 

12-78 • • 

• 

• • 

• 
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Propertieg of Carbonic Acid (CO,). 


• 

Temp. 

“C. 

- • «, 

Pressure 
in kg. 

per , 
sq. cm. 

V^flupaeof 
liquid in 
cubic 
meti^s 
per kg. 

Volume of . 
eaturated, 
vapour in 
,cubic 
netres '- 
per kg. •’ 

t ' 

■ - 

Heat of 
liquid in 

Latent 
beat of 
saturated 

Entrc^y 

calories 
per kg. 

vapour in 
calories 
per kg. 

Liquid 

Vapour 

m 

" r 

P 

s' 

r 

'/. 

r 


<!> 

- 30 

1.5-0 

0-00097 

0-0270 - 

-13-78 . 

70-40 

-.0653 

0-236 

, «^5 

17-5 

0-00098 

/)-0229 

-11-70 

68-47 

-0-045 

0 -2X1 

-20 

20-3 

0-00100 

0-0195 

— 9‘r>fi 

66-35 

-0-036 

0-226 

-1.') 

23-fi 

0-00102 

0-0107 

- 7-32 

04-03 , 

-0-028 

0-221 

-10 

27-1 

0-00104 

0-0143 

- 5‘()0 

•61-47 

-0-019 

0-215 

- 6 

. 31-0 

0-0()!07 

0-0122 

- 2-57 

.58-63 

-0-010 

0-209 

0 

35-1 

0-00110 

0-0104 

0 

55-45 

0 

0-203 

5 

40-3 

0-00H3 

0-0089' 

2-74 

51-86 

0-010 

0-197 

10 

4f)-7 

0-(K)117 

0-0076 

5-71 

47*74 

0-021 

0-189 

1.5 

61-6 

0-00123 

0-0063 

9-01 

42-89 

0-0.32 

0-181 

c 2^) 

.58-1 

000131 

0-00.52 

12-82 

.36-93 

rb-045 

0-171 

2.5 

' 6.5-4 

0-00142 

0-fK»42 
0-00.30 V 

17-.57 

28-98 

0-061 

0-159 

30 

73-1 

()-(X)167 

2.5-S.5 

1600 

0-087 

0-136 

31 

74-7 

0*00180 

0-0020 

28-07 

8-40 

0-098 

0-126 

31 *35 

, 7r)-3 

0'()622 

.32-91 

0 

'0-112 


Thcla.st \ine i/i the table gives the properties of the substance 


at'the critical point. 

< Properties of Wrfitr Vapour, 


Temp. 
‘U i 

Pressure inkg. 
per sq. cm. 

1 ' 

t Volume of 
{idturated vapour 
in cubic metres 
per kg. 

( 

Heat of liquid 
in calories , 
per kg. 

Latent beat of 
saturated f apour 
in calories 
per kg. 

-20 ! 

0-00J26 

« 

. 994-8 

• -20-00 

620-4 

-16 ' 

. 0-00190* 



61,6-9 

-10 


461-4 

-10-00 

613-4 

- 5 


307-3 

- 5-00 


0 


' 210-7 „ . 

0 

606-6 

0 


1.50-2 


6036 

10 

0-bl24S 

108-5 

10-00 •• 


15 

0-01727 

79-4 

15-00 

698-1 

20 - 

0-02364 

' 58-7 

2061 

692-8 

25 , 

0-03202 

446 ' 

25-02 

589-1 

30 . 

064289 

33-3 

' .30-03 

. 585-6 

35 

0-05687 

25-4 

’ 35-04 

582-1 ■ 

40 

0-07470 

19-f5 

s 

4065 

* 

678-6 


The wln'me of the liquid be taken as nearly constant 

and equal to O'OOl cubic metres per kilogramme. 
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APPEIfDIX E. 

• • 

Calstile^on of, Theoretical Co-e£Soi,ent of Performance in « 
Ammonia Cycle, using •Adiab&tio Compression. 

* I ‘ 

As an example of the calculations, the results of whicli are 
stated in th^ text, tak^ a case wjiere the upper limit is 20° C. and ' 
tile lower limit —10° C. The corresppnding absolute tempaja^- 
tures are 293° and 263°. We shall use metric units (kilogrammes 
and calories)* in the calculation. Neglecting the small term 
v'(pi — p,), and assuming wet compression,' take the'net re¬ 
frigerating effect as the area under MB, down to the base line, 
minus the area ADM, which may be treated as a triangle. 



Fig. 67.-' ; 


In the liquid, the change of entropy pep 1° C. is appu&iuiabci^ 
0‘0033. Hence AM i^ 30 x '0033 = 0‘(i99, aijd tte areq ^ ' 

AM X MD 0 099 x 30 


ADM= 


= 1'5 calories.* 


•The change of entropy in passing fibm liquid to vapour at 
20° C., or DC, is^thg latent lieat divided by ^93 or = 1'023.’ ' 
Hence MS=1'023 and area under 1*028 x 263 = 260 


ket refrigerating eflfqpt =*269 -1'5 = 267'5. , 
Work'expcnded = areh ABOD = AMD + MB CD 

I'S -t 1-023 X 30 = 32-2. calories. 

Co-efl5cient of Performa£c«f= =*8-3. 

• . • • 32-2 
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SThe quantity «'(!>>—JP 2 ) which is neglectea in tnis calculation 
of refrigeratfng effect mslj' be found thus:' 

V(jl. of*JI,5filo. of liquid = O'OOl^ cubic metres. 

= 8'8 kilo, jicr sq. cm. = 88,©00 kilo, xier sq. metre. 

p, = 2'9 .• „ , =29,000 .. 

®'(p, —Pj) = O’OOlO X 55;000 =fl4 kilogrammetres = 0’22 calories, 
a quaptity which is practfeally negligible in comparison witbthe 
other quantities involved in the calculation. To take account 
'of it would have the effect of reducing the above cp-efficient to 
nWcfat 8'25. < r 

If an expansion cylinder were used, so. that the cycle might be 
completed as in the ideal Carnot process, we ^ould have 
Refrigerating effect = area under MB = 269T calories. 

Net work expended = area MBCD = 80'7 calories. 

209 ' 

, •> Co-efficient of performaoce = = 8‘8. 

Or, inore shortly, the 00 -efiicicnfMs in that case 


_ 7 ; _ 26.8 

30 


8 - 8 . 


Take next«a ca^ where the borapression is completely of the 

“ dry ” type, the ammonia' being allowed to eva]iorate completely 

before con^pression begins. In that .case compression, starts from 

H (Pig. 67), and the cycle followed in 'HKCDA. The area of that 

'hgure is the w,ork expended, and the not refrigerating effect is 

the.ai'ca under AH, less fpe area under AD, measuripg in'both 

caseSi doiWa to thd' zero line of temperature. 

£0= 1-023, AF= l-226„and .<lil/=0-099. Hence JJF=0104. 

During k 'process o{ superheating at constant pressure, that is 

between'(land K', tlfc speq'fic heat of the gas is about O-ffQS and 

the change of eqtropy*i 8 approxinl,itcly -0017 per degree. Hence 

^ in, changing its entropy'by 0-104 along the line CK the gas would 

" , 0-104 < 

b; superheatfed by about Q.Q 0 I 7 temperature at K is 

therefore about 80l'C. as stated in the text. 

To cfiiculate the work txpende^ we* have to sum up the areas 

AMD + BODM+HKCB, 
or 1-5 rf 30t7 +*^-2, 

the last itSm being takeli as the pfoduct of the base 0104 by the 
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mean height, which is 60°. The? total is .3§'4. The refrigerf>ting 
effect is the area under 

(1-023 + 0-104) J63 -1-5 = 294-9. 

The co-e{Hcicnt»of performancfe for completely dry compression 
is accwdiDgly • , ’. * 

294-9 L *, 

which is not very widely different from the co-cfficieiit 8-3 calcu¬ 
lated as abo’je for the “wet” process, notwithstanding the higher 
temperature reached in compression. The main part of the iltiat 
is still rejected at 20°. A similar calculation for a cycle in which 
the wetness is such’ that superheating takes place by just half 
this amount, or by 30° (up to 50° 0.) gives a co-efficient of 8-14; 
and another in which the superhoiit is only 10° gives a co-efficient 
of 8-28. These results shbw how little the co-efficient is affect^, ‘ 
in theory aiJ least, by a inodcrate amount of superhejxting dtfrjng' 
compression. . ■ j ■' '* 

In modern practice the tendency is to use dry compression. 
As thsse* calculations show, the loss resulting from the substitu¬ 
tion of wetdbr dry compression is^mall. and there is coifeiderabi'e 
practical simplification in making the fompr^ssor^draw- in dry 
vapour instead of a carefully regulated mixture of vapour and 
lirinid. - - • 


APPENDIX F. 

■i 

Mpllier’s diagraoi. j 

« J _ 

A diagram of great interest whiah is of special .'utility in 
dealing with refrigerating inaohmes ernplcjying carljonic acid has 
been introduced by Dr R. Mollier’. The coordinates are the 
entropy and a <qu8entity to which Willard Gibbs Jgajje the naimj 
of “ Thermodynamic Potential.” We.shall represent this iipantity 
by symbol /, and call it the “ Total Heat.” 'It may be defined 
by means o{ the equation \ * 

^ 7 = A+ Afv, 

>• “Neue Diagramije zur ftehniaoSen WSrmelehre,” B. Mollier, Z^Uehift det 
Vereiiu dmttcher Ingerueure, 1904 . * 
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whepe iS^is'the internal energy <jf the substance, 

• p isithe pressure,% 

V is the volume, 

A is the co-'efficient required to converttunits of work into 
units of heat, ^ othur words When metric* units 

arc ifsed A iS; , 

Apply this to the case of a saturated vapour formed under 
•constant pressure p, and take the zero ^state, for purposes oi 
reeboning, as that of the liquid at 0° C., under the saiqe 
pr(!ssure p\ 

Then E is the total heat taken in, miniis work done in the 
expansion of the liquid and the formation of the vapour, or 

j s-Ap (ti'- to') + »• --dp (v - 

'where q = heat taken in during the heating of the liquid, 
r = latent heat, 

= volume of liquid kt 0" C. and pressure p, 
v' = tolume ,of liquid at temperature of vaporizati 9 n and 
pressure p, 

V ='voluhie of vapour. 

''Hence E=q + Apv,' + r — Apv, 

and since I = E+Apv, «• 

' ^ , I = q + Apv„' + r. 

Hence 7‘ in a wipourVis' nearly the same thing as the <heat 
of formatftm {q + r). It differs from that only by the addition 
of the small terra Ap%'., 

To rttflise the jihysical meaning of, J, imagine that the con¬ 
version of the substance fpm Uquid at 0° to vapour goes on in a 
cylinder under a pistdit loaded to'produce the constant pressure p. 

, TJien to get rhe liquid into the cylinder in the first place we 
should have to,8pe^d upon it an amount of .work equal to this 
j^ssure into the original volume »«'• The thermal equivalent 
of this^" work is Apv,,'. Hence I measures the total energy ex¬ 
pended jh gettiag the substance into the vessel, and in heating it 
there until its conversion into vapour is completed. 

1 ItUs assumed here, tor the.Bake.,aI Amplification, that on; change of I 
which the Upiid at 0° C. undergoes when jfae preaenre is changed from a standard 
preeenre po to the pressure p is so small 'mS to be negligible. 
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If the conversion into vapour’is incomplete, the onlyjjiffeitenco 
is that in the process of eva'J)oration Ine fceat fe^en in Is .w 
instead of r, x being the drynoss. Thus for^wet mpour,* 

* /=? +Jpt'o' + ar. 

Tfie ^lue of 7 for the liquid,’ at thi temperature of vaporiza¬ 
tion, is 9 + ApVt, and during evaporajiion the value changes in 
proportion to the amount evaporated. ’ 

Using the data for carbonic acid already given in Appendix D,, 
the values df I arc follows. Tor the two states of liquid^^apd 
sHtnrated vapour, the difference between"the two being, equal to 


Values of I for Carbonic Aind. 


Temperature ’^0. 

Liquid 

‘Vapour 

-30 

-13:5> 

57-01 

-:iO 

- ./*'02 

57-34 

]0 

- 4U3 

67-17 

0 

0-92 

66-3> 

10 

6-90 

' 54-01 

. 20 

14-.33 

51-26 

. 30 

• W-16 

, 4Ji-15 , 

oA »50 temu.) 

.34'87 ’ ■ 

» ■ • 


The following are important properties of I, which make it. 
useful.in technical thermodynamics; .» ' ^ ’ 

(1) In anji process carried out under conotant^ pressure,'the 
change of I measures the heat taken in of given out. To show 
this, take the general equation ! , ^ 

Heat taken in = increase of internal entirgy Jr e.jtemal vfurk done, 

and write SQ to represent a .sihall gain St’hcat. SB the corre¬ 
sponding gain of internal energy, and the ohange'of volume. „ 
Then, ■ SQ = SB + ApSu ■ • 

— S{E +jApv) — A vSp 
^ =S/— 

Hence, when p is constant during the change, 

for any two states. 

.X. i}. 


13 
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(fi) Jlp any adiabatic process the change of I measures the 
work'done-^fTo shew tlifis, take the above equation 
SQ=II -t- ilvop. 

In an adiabatic process SQ = 6. Hence in ^uch a process 
f SI =M vSp, 

h r/>* 

I, —I, = A vdp. 

Pi 

That is to say, the inc;rease in /, is equal );o the worjc .done upon 
th‘e«eubstfincc in taking it in at p,, compressing it from pi top^,, 
and discharging it at p^. 

(3) When a substance is throttled by stfroamiAg through an 
orifice s&ch as a regulating valve, there is no change in the value 
of/. 












B 





M 


Fig. 68. 


Imagine l^he si^bstance to be tansferred from qne'side to the 
otljpr of* the orifice, by piston A coming up to the orifice while 
piston B _ moves away from it. Call the pressure and volume 
p,, 111 before the transfer, and p^, after it. before passing 
.through the orifice the substance has a stock of internal energy 
which we shall call and ilo addition there is.work done upon it 
by pistonid qqual'topiWi'. 

On the othej'i side jt does work against the piston B, equal to 
p^Wa. H,?nce E,, tho stooic of intemal energy which it has after 
the passage, is gi<'ei\ by tfie equation ' • 

= El + Api »i - dpatlj 
op " E‘i, + ApiV^= Ei + ApiVi, 

which may be wtitjtfin * li — Ij- 

In otjier words the quantity / remains unchanged. The 
imaginary pistons" A and B are / introduced only to make the 
argument deaf: the result is of general application tij all cases of 
throttling." 

Hfiviog ‘regard to this resqlt $ might be de^ribed as that 
quantity«whfch does npi change«when a substkhce expands with- ' 
out doing wol'k and without tafimg in or giving out heat. 
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In Dr Mollier’a. diagram the quantity | is plotted in »Iati5h to 
the entropy <f>, as the substafice changes, flhder ea«];i assigned 
pressure, from the state of liquid to that of satutate<^ vapcxir and 
then through varidlis stages of superheating. 

TWs diagfam is of great gervic^in finding the theoretical 
performance of a refrigerating fhachine. In adiabatic processes 
the ftitropy is constant: hence such processes are represented by 
straight lines parallel to one system of ordinates. The work done, 
in the coriljs'ession cyKnder is directly mSasured by the change 
of I, that is to say by a length taken alRng the adiabatic lin?re¬ 
presenting thg compression process. The rofrigeratitig effect is 
directly measured by the change in I which the substance under¬ 
goes during evaporation, this bein^ a constant-pi;essiiro process in 
which, as we have seen above, the increase *11) I is equal to the^ 
heat takqn ^n. Simihu-ly, the heat rejected to the cooling water 
is directly nleasured by the dccrejwe in I which the substance# 
undergoes after adiabatic compreiAiop, up to the regulating valve, 
this also being a constant-pressure process. In the passage 
through Ihe regulating valve there is no change in I : thw process 
is accordingly i-epresontcd in “thte* diagram. Ijy a .stAight line 
parallel to one axis. The process of evaporation is plso repre¬ 
sented by a straight lino,, for it occurs at constant temperature as 
well as constant pressure, anti* hence the change of I is not sinly 
equal’to the heat taken in but is also proportionaltp the change? 
of hntfopy, ^hich’is the heat taken iiid^ided^y the temperatqre. 
In symbols, whftn p is constant, ■ “ * 

SI = BQ 



Thus the slope of a consta»t-pressure line on the (j>I diqgrafti • 
is proportional to the absolute temperature and*alftie/epresenting 
evaporation is consequently straight,•with a slope" proportipnal to 
the^SIrmperature at which theVevaporatwn takes place. .Further 
the segments into which this line is divided at any stage, ufbasared 
from the ends .which mark the beginning and end of evaporation,, 
represent the fraction vfhich *?xists vapour and liquid respeo- ' 
tively, just as in tte.entropy^tdmperature diagram.* The whole 
diangc in 1 which the line represents is the latent h*eat,^, and the 
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segHlent.tQeasured tram the begmni^ the line up to any poist 
repreiiQnts i |)roportiou^ change *of I, and so measures er, a 
beingrtbe dryness at "that point) 

It will be seen that the diagram gives a ready means of de¬ 
termining all the quantities w^th which we &re concamed in a 
refrigeration cjole. Its special merit lies in the simple manner in 
whicl^ it represents tuH bnly the compressing, condensingn and 
evaporating processes, but also the process of streaming throogk 
' the regulating valve.' This last feature cgives it an'advantage 
' 'Stilih the entropy-temperature diagram does not possess. • 
In drawing the <1)1 diagram for carbonic acid, Dr Mollier has 
.used the data supplied by Amagat’s investigations, and has given 
not only the boundary curve for the states of liquid and saturaterl 
vapour, but also the'relation of I to (/> in various states of super- 
heating, by means of curves of constant; pressure and of constant 
, teflifierature, covering the region beyond the critical point so far 
as t|iat is required for applicati&n to practical problems. 

If the diagram were drawn with ordinary rectangular cch 
ordinatep it would bd inconveniently spread out, aud to bring it 


into reasboaljle compass Dr Mollier adopts the device 'of shearing 
it over by uskig oMique r:oordiuates. 


ih A 

Fig. 69. , 

Taking tl^.etvalues pf entropy along OA (Fig. 69) those of I are 
Ik Uken parallel to an axis 63 incUnrid to AO produced at an angle 
|l. Vadues ^f t mr.y dbcordingly be meashr»l either along OB, 
Of oh, another 'Scale along. Oif (perpendicular to OA). Since 
OM m 03 am 0 t& scale for meararin^ I along OM is such that 

any'distanpe taken along OM represen'ostimes as' many units 

81M V 

oil aie represented by s^d^iistance taken along 03. 

Ifr MolHer’a ^ diagram far •carbonic aisid, drawn in this 
manner, is reproduced in Fig. /Oi'and also on ,a larger scale in the 
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toiding plate at tae end of tjiis work. Here sin d | aotord- 
ingly the scale for I taten alolig the isotropic or h$abalic*lines 
(parallel to OB) is five times #is coarse as the scSle for^ which 
figures are given •parallel to OM. 



Fig. 70. 


Tim system of parallel lines which ran from right to left, 
sloping upwards, are adiabatios, corros^nijing to tly stated values 
of the entropy (p. A system of horizontal lines is drawn ctoic 
facilitate meaaurelhefits of I, using the sc41e or the ri^ht-hand siije 
of the diagram. Any measurements of I taken*directly jlSng an 
adfciliatic line arc to be interpreted on a scale live times as coarse 
as this. The straight lines which extend from one side to the 
other of the ^boundary curve are lines exhibiting thb process o{ 
evaporation at the statod teil!^i*itur§ (or pressure). As bga been’ 
sjiown -above the slope of llhese lines rnries fionS line to line, 
depending as it does on the temperature. 


13—3 
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The pjirves which lie within*the .boundary ourve are drawn to^ 
divide .each? faporiaing ^ine into ten equal parts, to fiaeilitate 
reading the»proportion of liquid |to vapour. 

The use of the diagram wMl be made dear by taking an 
‘example (given by Molli^). Suppose evaporation to take»plaoe 
at — 16° C. and to be complete before compression begins. The 
point j[a) in I’ig. 70 rrmrKs'the condition of the dry satuwted 
vapour on admission to the compressor. Compression is then 
’carried on till the pressure becames 70 bg. per sqt cm. This 
' de^amines the point (6) which marks the end of compression and 
shows that'the temperature of the supedieated gas is then 70° C. 

temj)erature then falls along a constant pVessure line through 
the point (6), and at the point (c), when the boundary ourve is 
reached, condensation begins. *The temperature at which co»- 
'densation takes place is, the temperature corresponding to a 
^Ipret^re of 70 kg. per sq. cm.,tiamely 28° C. At (d) c6ndeiisation 
is complete, but in this exampletjt is supposed that the condensed 
liqni’d is furthej cooled to 20'' C. before it reaches the regulating- 
valve. This state is*marked by (e), the line from (d) to (e) 
rdpresenitog the cooling of thf liquid still under, the constant 
pressure* of '^0 kg? per ^q. cm. In the passage through the 
regulating Valve i, as we have seen above, is constant: accordingly 
that.process is shown.by the horizbntal line (e) t6 {'/). At (/) 
.the substance has reached the pressure under which evapomtion 
is to take'plkct, and its vetness, as determined .by the segments 
of the va]jorizing liAe, is *03. From (/) to (a) is.thd vaponzing 
process in the evaporator. 

» The net coolRig effect‘is measured by the change of I during 
this piwess, an(J is thiyefore given <by, the vertical distance 
between (1{) and (/)'measuf:'ed on the scale qf / ht the right-hand 
side of the diapam. , « 

I, .» The work spent in the compression is measured by the change 
of I betweei^stafes,4a) and (6), and is most bonveniently found by 
directly, measuring the length, (a) to (6) on the coarser scale for I. 

The whole he&t given oat ini the condenser and cooler is" 
measured by the change of I betweeq points (6) and (e). 

Measuring from the diagram, the work done in compression in 
this ei^amp'e* is equivalent to 1V3 heat units; the heat rejected 
to condenser “and coolea is 55'5; *thte refrigerafing effect is 44'2. 
The co-gfBcieirt of performanoe*i8 accordingly 3'9. 
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If instead of regulating valve there were an ^paflsion 
cylinder, the adiabatic line (ej to (y) wbnld^how Ih'e prece'ss ^f 
adiabatic expansioa Its lengtti would measijre (iwlieaUunits) 
the work recoverSd by the us# of the expansion cylinder, and 
the gai» in refrigerating effecj woujd be moastired by the* 
difference in 7 between points‘(p) and (/). In this example 
the •work saved would be 2'4 heat uhite, and the rofrig(yating 
effect would be increased to 46'6. The theoretical co-efficient of 
performaneeb would ba raised toi 6'2. In practice the gain Wt)uld 
of course be much loss, owing to friction»in the expansion cylrffdet. 

The advantage of cooling the liquid as far as possible before it 
passes the regulating valve is obvious. If this cooling were 
omitted, and the liquid were to pass through the valve from thp 
state (d) the refrigerating effect %ould be seduced to an extent 
that is readily found bjf drawing a hprizontal line through the* 
point (dj tS meet the vaporizing line. The substance after 
the valve would then contain a iijjbch smaller proportion oT liquid, 
nnd the heat to be taken up in com]^leting the evjfporation would 
be correspondingly reduced. ■ ^ * 

StudeErts of the subject, aqd ^(specially those who hSve Tb'^o 
with the design of refrigerating plant using ’csli-bonj: iicid, will do 
well to master this diagram, which lends itself particularly well to 
the solution of practical problems. The Large scale diagl^ at 
the end of the jmok will be found convenient in such applications*. 


MoUiers pi cuagsam. 

AnotHer fliagram described by Mollies in t^e same paper is 
also interesting and convenient in u^. It* it the qu^tities 'p 
and I are taken ^as re*tMgular coordiiJates;; horizontal distances 
represent I and vertical distant^ rept'esant pressure. • Lines of 
constant pressure are therefore hori^ntal straiglpt lines. The 
diagram, which is reproducec^in Fig. 7^ incluj^s a number S 
isothermals or* lines' of uniform temperaturS* marli^d witji the 
tenjneratures to which they relate,’and also ^ bumber adia- 
batiea, toward the* right^^anS side o£^the diagi^am, vshich are 
added to facilitate the study of the compression process. 'The 
0 * 

* Ibe writer it indebted to Ur S^hetu of the Linde Companrdor drawing his' 
attention to 'the praoUjal advantages of Sollier’B diagram, in oonn^on Oith the 
design of vefrigerating mashines, an3 W Dr Uoliier himself for the lafge diagram 
reprodneed is the folding plate. * *** 
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APPENDIX F 


same exj^ple as before is represented here,,with evaporation^ 
occufripg af 15° C. *• Beginning with dry saturated vapour ^t (a), 
the c<ynpresSion<process is ah, wj^ich goes on till the pressure is 
70 kg. per sq. cm. and the temperature is the® 70° C. The line 
%cde is the constant pres|ure process which goes on ii;,th« con¬ 
denser and cooler, namely first ceding to the temperature of the 



‘cooling the^Wiidenscd liquid to 20° 0. (de). The line efis the 
package ^rough tKe regdlating valve, and fa is fhe'evaporation- 
which produces the refrigerating efiect. As before, the distance 
of the point (//fro^i thejtwo limbs of the boundary curve shows 
the proportion qf the substance existing as gas and liquid re- 
spectivelyafter passing the regulating valv/3. A group o^ curves 
is drawn, as ijj<-the prqvious figure,'within the boundary curve to 
facilitate the reading of the dryness «, by dividing the vaporizing 
Jines into tqjri equtd«parts. * - ' 

'rtip refiigemting effect is directly measured by the length of 
the line ^a. The*work of comprewion is thenhange of I between 
(o) and>(6), wh'ich is founS by projecting these points,on the scale 
at the foot. The heat rejected to condenser and cooler is then 
measyred ly the length be. ^ An,adMatio«line through (e), ilamely 
eg, is added tb show the.action thai Would take place if an expansion 
cylinder werefused instead of a'JKrottle-valve, to let the substance 
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from tbe tugher to t^e lower pressure, in tn^,cas» the 
refrigprating effect would be* increased** by 4he alhi^nt and 
this would also measure the york recovered in t^ exj^ansion 
cylinder. 

The<gain in refrigerating effect whijh results from cooling th^ 
condensed liquid as &r as the coiling witter enables it to be cooled 
before allowing it to expand is again vSijaapparenf. , 
Compared with the diagram, the pj diagram affords 
freely so conveqjonli a meansoof exhibiting and measuring* the' 
quantities involved in the refrigemting* process, on account "its • 
less simple representation of an adiabatic action,.'but it has 
perhaps the advantage of being more easy to understand. 


• [Note added 1919. For a*fiiUer account d^the application of MoUier’s iftf 
diagram ft> fl^e action of r^gerating igachinee of the vapoar..compf^ioB 
type, reference should he made to the Boport of the EefrigeratiovResairSr* 
Committee of the Institution of Meclfonifai Engineers, published in Oetober 
*1914.] 
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